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Molecular dynamics studies of the folding of α-helical
cross-linked peptides 
Abstract
The helix-coil transition is the simplest scenario in protein folding. In the last years, the employment of
peptides with an attached photoswitchable cross-linker, has been established as an efficient experimental
tool to control the helix stability. The observation of a non-exponential kinetics of folding suggested that
the system cannot be described simply by a two-state model. In this thesis, molecular dynamics
simulations studies at atomic resolution level showed that folding kinetics differ from site to site
suggesting a nonco- operative mechanism. Moreover, the free energy profile revealed the presence of
multiple folding channels along parallel folding routes that made the over- all kinetics nonexponential.
At the end, it was investigated the entanglement effect between bulky side chains and the cross-linker by
either replacing the cross-linker with a distance constraint or removing it. In both cases the fold- ing
kinetics becomes faster and simpler compared to the cross-linked case. This indicates that the main
effect of the cross-linker on the overall kinetics is due to its entanglement with the side chains rather
than its effect as a distance constraint.
Zusammenfassung:
Das einfachste Szenario in der Proteinfaltung ist der Heilx-Coil bergang. Die Faltungskinetik eines
Modellpeptids mit einem photoschaltbaren Linker folgt laut zeitaufgelsten
Infrarotspektroskopiexperimenten einer gestreckt expo- nentiellen Funktion. In dieser Doktorarbeit
wurde durch Molekldynamiksim- ulationen gezeigt, dass der Faltungsprozess nicht kooperativ ist, weil
das Pro- fil der freien Energie ungefaltete Minima entlang des Faltungsweges aufweist. Dies ergibt, dass
die Faltungsraten ortabhngig sind. Zudem wurde gezeigt, dass die nicht-exponentielle Kinetik eher an
der Verschrnkung des Linkers mit den Seitenketten des Peptids als an dessen Effekt als Abstandsbedin-
gung liegt.
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The helix-coil transition represents the simplest scenario in protein folding,
but the details of its kinetics are not fully understood. Because the helix
is a common secondary structural motif in proteins, it is important to un-
derstand the folding process of the α-helix in detail as a step to understand
the protein folding mechanism. A well-established way of studying physico-
chemical properties of an α-helix is to use model peptides with an enhanced
helix-propensity. In the last years, the employment of peptides with an at-
tached photoswitchable cross-linker, whose photo-isomerization can induce
the unfolded or folded state, has been established as an efficient experimen-
tal tool to control the helix stability. The observation, by means of time
resolved infrared spectroscopy, of a non-exponential, stretched kinetics of
folding at low temperature suggested that the system cannot be described
simply by a two-state model.
In this thesis, molecular dynamics simulations studies at atomic resolution
level were performed to shed light on the physical picture which has started to
emerge from infrared experiments. The investigation of the site-specific fold-
ing kinetics from both experimental and computational sides revealed that
the folding rates differ from site to site suggesting that the folding of a con-
strained α-helix is noncooperative in contrast with conventional nucleation-
propagation models according to which one could expect similar rates. The
Kinetic Grouping Analysis method unmasked the existence of discrete traps
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(i.e., non-native free energy basins) along parallel folding pathways, which
render the overall kinetics non-exponential providing evidence that the rate
limiting step in the formation of a constrained α-helix is the escape from
these traps, rather than the nucleation rate.
To investigate the effect of the sequence on the folding process three cross-
linked peptides with different amount of bulky side chains were investigated.
Again the folding kinetics at low temperature are stretched exponentials but
different sequences show different folding rates indicating that the primary
structure has a strong influence on the free-energy surface.
Finally, cut based free energy profiles revealed that the helical ensemble
(i.e., native) of the cross-linked peptides is divided by a free energy barrier
into two regions having different orientations of the side chains (especially
Arg10) with respect to the cross-linker. Moreover, the transition from one ori-
entation to the other is hindered by the presence of the bulky cross-linker. To
investigate this effect, the cross-linker was replaced with a distance constraint
mimicking the effect of a “non-bulky” cross-linker and eventually removed it.
When the space previously occupied by the cross-linker is made free either
by replacing or removing the cross-linker, the folding kinetics becomes faster
and simpler compared to the cross-linked case. This indicates that the main
effect of the cross-linker on the overall kinetics is due to its entanglement
with the side chains rather than its effect as a distance constraint.
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Zusammenfassung
Der Helix-Coil U¨bergang stellt das einfachste Szenario in der Proteinfaltung
dar, aber die Details, insbesondere deren Kinetik, wurden noch nicht ganz
verstanden. Da die Helix ein ha¨ufiges sekunda¨rstruktur Motiv in Proteinen
ist, ist es wichtig, den Faltungsprozess der α-Helix im Detail zu verstehen, um
den Proteinfaltungsmechanismus als Ganzes zu verstehen. Eine etabilierte
Prozedur, um die physikalisch-chemischen Eigenschaften einer α-Helix zu un-
tersuchen, ist die Verwendung von Peptiden mit einer versta¨rkten Helixten-
denz. In den letzten Jahren hat sich die Verwendung von Peptiden mit einem
angeha¨ngten photoschaltbaren Cross-Linker, deren Photoisomerisierung den
gefalteten und den entfalteten Zustand induzieren kann, als ein effizientes Hil-
fsmittel zur experimentellen Kontrolle der Helixstabilita¨t durchgesetzt. Die
Beobachtung einer nicht-exponentiellen gestreckten Faltungskinetik durch
zeitaufgelo¨ste Infrarotspektroskopie bei tiefen Temperaturen hat Indizien ge-
liefert, dass das System nicht durch ein einfaches zwei-Zusta¨nde Modell be-
schrieben werden kann.
In dieser Doktorarbeit wurden Moleku¨ldynamiksimulationen auf atom-
ar aufgelo¨stem Niveau durchgefu¨hrt, um Aufschluss u¨ber das physikalische
Bild zu geben, das seinen Ursprung in den Infrarot-Experimenten hatte. Die
Untersuchung der ortspezifischen Faltungskinetik mit experimentellen und
rechnerischen Mitteln hat gezeigt, dass sich die Faltungsraten von Ort zu Ort
unterscheiden, was darauf hinweist, dass die Faltung einer eingeschra¨nkten
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α-Helix unkooperativ ist. Im Gegensatz dazu ko¨nnen in konventionellen Nuk-
leationsmodellen a¨hnliche Raten erwartet werden. Die Kinetic Grouping Anal-
ysis Methode deckt die Existenz von ungefalteten Minima der freien-Energiefla¨che
entlang parallelen Faltungswegen auf, welche die allgemeine Kinetik nicht-
exponentiell machen. Dies bedeutet, dass der geschwindigkeitlimitierende
Schritt in der Bildung einer eingeschra¨nkten α-Helix nicht die Nukleation-
srate ist, sondern das Verlassen der Minima.
Um den Effekt der Sequenz auf den Faltungsprozess zu erforschen, wur-
den drei cross-gelinkte Peptide mit unterschiedlicher Anzahl von sperrigen
Seitenketten untersucht. Nochmals ist die Faltungskinetik bei tiefen Temper-
aturen eine gestreckte Exponentialfunktion, aber unterschiedliche Sequenzen
zeigen unterschiedliche Faltungsraten und weisen darauf hin, dass die prima¨re
Struktur einen starken Einfluss auf die freien-Energiefla¨che hat.
Cut-based-Free-Energy-Profiles ergaben schliesslich, dass das helixfo¨rmige
Ensemble des cross-gelinkten Peptides durch eine Barriere in der freien En-
ergie in zwei Regionen mit unterschiedlichen Orientierungen der Seitenketten
(insbesondere Arg10) im Bezug auf den Cross-Linker getrennt wird. Zudem
wird der U¨bergang von einer Orientierung zur anderen von der Anwesen-
heit des sperrigen Cross-Linkers behindert. Um diesen Effekt zu untersuchen,
wurde der Cross-Linker durch eine Abstandsbedingung ersetzt, die den Ef-
fekt eines nicht-sperrigen Cross-Linkers imitiert, und wurde schliesslich ganz
entfernt. Wenn der Raum, der vorher vom Cross-Linker besetzt war, entwed-
er durch den Ersatz oder die Entfernung des Cross-Linkers befreit wird, wird
die Faltungskineitk im Vergleich mit dem cross-gelinkten Fall schneller und
einfacher. Dies zeigt, dass der wichtigste Effekt des Cross-Linkers auf die all-
gemeine Kinetik eheran dessen Verschra¨nkung mit den Seitenketten als an
dessen Effekt als Abstandsbedingung liegt.
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Proteins are polypeptides which play a central role in biology due to their
functional properties. A great challenge in the field of protein dynamics is
to understand how proteins acquire their three-dimensional structure, the
prerequisite to fulfill their function. This question has gained additional sig-
nificance because of the growing interest in diseases that result from protein
unfolding, misfolding, and aggregation, which range from Creutzfeld-Jacob
disease to cancer. The experiment on ribonuclease performed by Anfinsen [1]
in early 1960s demonstrated that proteins can refold spontaneously into their
native structure after denaturation. This means that the native state of a
protein is entirely determined by its amino acids sequence and that the native
state of a protein is the global minimum of the Gibbs free-energy surface.
This is often referred to as the thermodynamic hypothesis of protein folding.
However, the sequence of a protein must meet a second requirement: it must
fold in a biologically relevant time. This can be stated as the kinetic hypoth-
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esis of protein folding. Given the astronomically large number of possible
conformations for a polypeptide chain, the question arises on how a protein
can attain its native conformation in a reasonable amount of time. For ex-
ample one can estimate that given a protein of 124 amino acids (like the
ribonuclease studied by Anfinsen), if each of them can assume six different
discrete backbone conformations, there are 6124 '1096 states available. If
the protein should find its native state by random search (Fig. 1.1a), this
could take longer than the age of the universe, whereas it is known from ex-
periments that polypeptide chains fold in the time frame of microseconds to
minutes. This problem is known as Levinthal’s paradox [2]. Levinthal solved
the paradox adducing that proteins fold following a “folding pathway”, rather
than a random search. Therefore, only a small part of the conformational
space needs to be explored, explaining the experimental findings of fast fold-
ing. The pathway perspective implies that folding proceeds from a specific
point A to N (Fig. 1.1b). But protein folding does not involve starting from
one specific conformation. The denatured state of a protein is not a single
point of the energy landscape but it is all the points except N. In this sense,
the solution proposed by Levinthal is a paradox itself: if the denatured state
is random, there cannot be a unique pathway. A widely accepted solution
to Levinthal’s paradox has been provided by the so-called “new view” of
protein folding [3–7] developed in analogy to spin glass theory and polymer
physics [8–10] and based on the statistical characterization of the energy
landscape. According to this new view, the folding ensemble moves on a
funnel shaped free-energy landscape towards the native state, which is the
global free-energy minimum as suggested by Anfinsen. The new view recog-
nizes that the solution to Levinthal’s paradox is: “funnels, not tunnels” [11].
According to the “new view”, the folding process does not involve a series of
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mandatory steps (a well-defined pathway) between partly folded states (like
in simple chemical reactions), but rather a stochastic search of the many
conformations accessible to a polypeptide chain. What is happening is that
each denatured conformation follows its own trajectory to reach the global
minimum (satisfying Anfinsen’s thermodynamic hypothesis) by many differ-
ent routes. Additionally, they do it in a direct and rapid way (satisfying
Levinthal’s concern). A smooth energy landscape allows rapid transitions
(Fig. 1.1c), whereas a rugged energy surface has kinetic traps which slow
Figure 1.1: Energy landscape perspective. a) Flat golf course: the energy landscape
as it would be if Levinthal’s paradox were a problem. b) “Folding pathway” as suggested
by Levinthal: the folding proceeds from a specific point A to the point N. c) Smooth energy
landscape allowing fast transitions. d) A rugged energy landscape, with some kinetic traps
which slow down folding. Pictures are taken from reference [3] and somewhat modified.
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down folding (Fig. 1.1d) and occurs in problems in which there are many
competing interactions in the energy function. This competition is called
frustration.
Different models have been proposed to explain the high speed of protein
folding. The hierarchical model [12, 13], proposes that protein folding starts
with the formation of elements of secondary structure already in the unfolded
state regardless of the tertiary contacts. Essentially the local propensities
of adjacent amino acids drive the formation of backbone-backbone hydro-
gen bonds which are responsible for the construction of secondary struc-
ture. This step of local arrangement can be very fast depending on the
strength of the local preferences of the amino acids. These elements of sec-
ondary structure assemble into the tightly packed native tertiary structure
by means of a diffusion-collision mechanism (Fig.1.2a). The hydrophobic-
collapse model [15, 16] (Fig.1.2b) suggests that the protein buries its hy-
drophobic side chains from the solvent forming a collapsed intermediate also
known as molten globule. The native state develops by a search within the
conformationally restricted area of the molten globule. In the nucleation-
condensation mechanism [17, 18] a folding nucleus involving a low number
of close residues, catalyzes further folding in a stepwise manner (Fig.1.2c).
The primary nucleus mainly consist of a few adjacent residues which have
some correct secondary structure interactions. The last two models are com-
patible with the theory of funneled energy landscape [3, 6]: the nucleus is
the rate-limiting step of the folding reaction after which the growth of favor-
able native interactions dramatically decreases the enthalpy of the protein
compensating the entropy loss and eventually overtaking it.
The great advances in the fields of protein folding during the last 20 years
are due in large part to technological advances and cooperation between
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Figure 1.2: Possible mechanisms for protein folding. a) Hierarchical model. Pro-
tein folding starts with the formation of elements of secondary structure independently
from tertiary structure. These elements assemble into the tightly packed tertiary structure
by a diffusion-collision mechanism. b) Hydrophobic collapse model. The initial event is a
collapse of the protein molecule, driven by hydrophobic effect. c) Nucleation-condensation
mechanism. Early formation of a protein folding nucleus catalyzes further folding. The
figure is adapted from [14].
theoreticians and experimentalists. Among the recently developed methods
for studying protein folding, we have nuclear magnetic resonance (NMR) and
single molecule technique. NMR experiments can provide detailed insights
into the structure and dynamics of unfolded states, and studies of several
proteins have been reported, including lysozyme [19–21], 434 repressor [22],
FK506-binding protein [23], BPTI [24], protein G [25], barnase [26], an SH3
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domain [27,28], and staphylococcal nuclease [29, 30].
Single molecule method can be coupled with different spectroscopic tech-
niques. Currently, the two most common single molecule methods to study
protein folding are atomic force microscopy [31,32] and Fo¨rster resonance en-
ergy transfer (FRET) (for a review see reference [33] and references therein).
Additionally, the study of very fast folding process, in the time-scale of mi-
croseconds or less, constitutes another important area in current protein
folding studies. In fact, the most common secondary structure elements in
proteins -α-helix and β-sheet- show fast folding rate. For this reason the
study of the folding dynamics of monomeric helices and β-hairpins requires
a fast initiation method. In particular the helix dynamics have been studied
for the most part by using laser induced T-jump methods to perturb the
equilibrium, and the subsequent conformational dynamics are detected ei-
ther by time-resolved IR spectroscopy [34–38], by fluorescence [39,40], or by
Raman scattering techniques [41]. Temperature jumps can be in principle
very fast and are only limited by the thermal equilibration time of the bulk
solvent that is in the range of a few to tens of picoseconds. Nevertheless,
most T-jump studies have been limited to the 10 ns regime for technical
reasons. Moreover these experiments have often been modeled by “kinetic
zipper” models [40, 42, 43]. Each residue of the polypeptide chain is consid-
ered to exist in one of two possible configurations, coil or helical. Although
this type of analysis successfully describes a large number of helix relaxation
data, molecular dynamic simulations of small peptides [44–48] demonstrated
the existence of low free-energy traps in the unfolded state. Such misfolded
traps are completely ignored in kinetic-zipper models. Hamm and cowork-
ers [49] chose another approach to initiate conformational transitions in small
peptides. By incorporating a photoswitch into a peptide that undergoes a
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photochemical reaction after electronic excitation, one may alter the confor-
mation of the peptide in a controlled way. The switching time is ultrafast in
most cases (∼ 1 ps), and therefore does not overlap with potentially interest-
ing timescales of the peptide. The fact that is now possible to perform long
molecular dynamics (MD) trajectories, at least using an implicit solvation
model [50], makes these systems suitable to be studied from a computational
point of view. MD simulations combined with experimental results provide
an enhanced understanding of the mechanisms of protein folding. In order to
model the dynamics of a physical system it is necessary to define an energy
function which describes the energy of the system in a given conformation.
Owing to the size of the considered phase space, the numerical treatment of
the problem implies a large computational effort and in most cases requires
high-performance cluster-computers. Many MD algorithms have been writ-
ten in the past decades based on empirical energy functions. An example is
the one used in the program CHARMM [51] which is the one used throughout
this work.
The present work focuses exactly on the study of the folding of photo-
switchable peptides by means of MD simulations. In the next sections the
main features of photoswitchable peptides will be presented, as well as recent
methods developed in our group to investigate their free-energy landscape.
1.2 Photoswitchable peptides
As already mentioned in the previous section, one of the fundamental issues
for biophysics is to understand how protein fold to their native structure. To
fully address this question it is necessary to explore both the energetics and
the dynamics of folding. In exploring the dynamics of protein folding it is
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useful to study both natural occurring proteins as well as model polypeptide
systems, to understand the factors governing the secondary structure forma-
tion. Moreover, for relatively short helical peptides, folding is expected to
occur in the submicrosecond time scale. Thus, to study these fast events it
is necessary to have not only fast spectroscopic probes able to distinguish
the helical from the random structure, but the folding process needs to be
triggered on the nanosecond and even picoseconds time scale. An approach
to initiate peptide folding is the synthesis of peptides incorporating a pho-
toactive molecule [52]. This approach offers the ability to reversibly control
secondary structure content. In particular, two alanines at positions 3 and 14
are replaced by cysteine to allow for the attachment of the photoswitchable
cross-linker. Switching the linker between cis (i.e., closed) and trans (i.e.,
opened) conformations modifies the energy landscape of the peptide and al-
lows for large changes in helicity (Fig.1.3). Three helical turns are required
to form an α-helix out of the 12 residues bridged by the linker. These three
turns do not fit well into the distance spanned by the linker in the cis form;
thus, helicity is greatly reduced when the linker is in this conformation. Only
Figure 1.3: Example of photoswitchable peptide. (Top) Cross-linker in cis (left)
and trans (right) conformations. (Bottom) Schematic model of cis-peptide and trans-
peptide, illustrating the conformational transition induced by the cross-linker. Hydrogens
and side chains are omitted for clarity.
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after stretching the linker by switching it to trans the formation of the α-
helix can take place. The isomerization of the linker projects the unfolded
ensemble onto an energy landscape that favors the folded state, and folding
can be observed as the dominant kinetic contribution.
The main experimental observation is the non-exponential kinetics of fold-
ing when the system temperature is lowered. It is known from chemical ki-
netics that if the system has to surmount a single barrier, the kinetics is
single-exponential. In this case the classical two-state model is appropriate
to describe the transition to the folded state. When the folding kinetics
becomes non-exponential, the system cannot be described by a two-state
model. A well known model applying in this case is the “downhill” one,
according to which no free-energy barrier exists between the folded and the
unfolded state [6]. Anyway, the microscopic physical mechanisms underlying
the complex kinetics observed experimentally are still unclear. In this re-
spect, MD simulations studies at atomic resolution level can provide a better
understanding of the physical picture which has started to emerge from IR
experiments. In this respect, we address ourselves the following questions:
1. What are the reasons for the complex kinetics of folding?
2. Can the simulations be used to derive a quantitative description of the
free-energy surface?
3. Is it possible to predict mutants with different folding rates?
4. How do bulky side chains influence the kinetics of α-helix formation?
To answer these questions, we studied three cross-linked peptides (Fig.1.4)
with differ amount of bulky side chains and with different salt bridges. The
folding process upon ultrafast switching is emulated in the MD simulations by
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sudden switch of the dihedral potential of the N=N bond in the middle point
of the photoswitchable cross-linker. Two different techniques, developed in
our group, were applied to shed light on the kinetics of the folding process and
analyze its free-energy surface. They will be presented in the next Sections.
Short Nr. bulky Salt Bridges
Sequence name side chains i, i+4
-AACAR5AAAAR10AAACR15A- AAAAR 3 No
-EACAR5EAAAR10EAACR15Q- EAAAR 6 Yes
-EMCAR5EMAAR10EMACR15Q- EMAAR 9 Yes
Figure 1.4: Summary of the photoswitchable peptides investigated. (Top) Sum-
mary table reporting the complete sequence and main characteristics of the cross-linked
peptides: number of bulky side chains and salt bridges. (Bottom) Schematic illustration
of the three peptides with their bulky side chains.
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1.3 The free-energy surface of peptide and
protein folding
The thermodynamics and kinetics of a system are not governed only by the
energetics, i.e. the potential energy (internal energy or enthalpy), but also by
the entropy that, in the case of a protein, is the conformational entropy. The
major role played by the entropy contributions indicates that the analysis of
the free-energy surface is more important than the analysis of the potential
energy surface [53–56]. The free-energy of a protein is defined as:
∆G = ∆H − T∆S (1.1)
where the enthalpy ∆H depends on van der Waals and electrostatic inter-
actions, as well as the effects of the solvent, and the entropy ∆S accounts
for the amount of available conformations and thus for its flexibility. During
the folding the loss of entropy is counterbalanced by favorable interactions
between protein atoms and the process is governed by a complex free-energy
surface. The common way to investigate and display the free-energy surface
is to study it as a function of a small number of order parameters, i.e., suit-
ably chosen macroscopic quantities that distinguish the different states of
the protein [57]. The main disadvantage of this commonly used projections
is the possibility of hiding essential information concerning the free-energy
surface [45, 46, 48, 58], in particular the conformational heterogeneity of the
denatured state. Another approach to the study of the protein free-energy
landscape is to use unprojected surfaces such as complex network [46] and
graph analysis [45] which are able to capture the actual complexity of the pro-
tein free-energy surface. These approaches show that the picture of protein
folding, obtained by projecting the free-energy onto an arbitrarily chosen
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progress variable, is not consistent with the complexity of the actual free-
energy surface [48].
In Fig. 1.5 is plotted the projection of the folding free-energy surface
of EAAAR peptide onto the number of native hydrogen bonds (i.e., those
between residues at positions i and i+4). As we will see in next sections, this
picture is not sufficient to explain the complexity of the free-energy surface
of this peptide.
Figure 1.5: Reduction of complexity. In the case of EAAAR peptide, the projection
onto the number of native (i, i+4) hydrogen bonds is not sufficient to explain the actual
complexity of the free-energy surface.
1.3.1 The protein folding network
In the last years, many complex systems, like the Internet [59], social inter-
actions [60], metabolic pathways [61] and protein structures [62] have been
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modeled as networks which proved to be a comprehensive and universal ap-
proach for the description of these systems [63]. Owing to this universality,
an approach based on the theory of complex networks was developed in our
group [46, 48, 64] with the purpose to overcome the limitations of projected
free-energy surfaces. A network description of the energy landscape is able
to retain the structural and kinetic properties of the conformations involved
into the folding process. At the same time the network approach gives a
qualitative two-dimensional view of the multi-dimensional free-energy sur-
face, whose complexity is preserved. The network analysis is based on the
discretization of the conformational space. In fact, a molecular dynamics
trajectory is nothing but a long series of microscopic configurations visited
only once. For this reason the analysis of the system needs a discretiza-
tion or coarse graining of the trajectory that allows the grouping/clustering
of similar snapshots/configurations. There are several procedures to effi-
ciently achieve coarse graining and different types of analysis might require
different coarse-graining approaches. For a structured peptide like α-helical
peptides, secondary structural coarse-graining and root mean square devia-
tion (RMSD) are obvious possibilities [45, 46, 58]. Both of them were used
in the present work: The former combined with network and kinetic group-
ing analysis 1.3.2 and the latter together with cut-based free-energy profiles
1.3.3.
The conformational space network (CSN) is built as follows: conforma-
tions with similar properties are grouped together obtaining the nodes of the
network. The direct transitions between them are the links [46]. Fig. 1.6
shows, as an example, the folding network of EAAAR peptide. The network
reveals the presence of different regions with different α-helical content. The
colorization goes from red (no helix) to green (fully formed α-helix) The
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heaviest green node in the center is the most populated and its secondary
structure string is -H15-. A disadvantage of the network representation is
that it lacks a quantitative description of the free-energy surface in the sense
that no populations or barriers can be estimated from the picture. More-
over, the network contains only nodes that are populated by a significative
number of snapshots (at least 50 in Fig. 1.6) to avoid overcrowding. There-
Figure 1.6: The conformational space network of EAAAR peptide at 281 K
colored according to the α-helical content ranging from red to green (fully helical). Only
nodes populated by at least 50 snapshots are represented to avoid overcrowding. The
representative structures, made with MOLMOL [65] are shown with flexible tubes of vari-
able diameter reflecting the conformational disorder, with α-helical segments in green,
N-terminus in blue, and cysteine side chains in yellow for emphasizing the position of the
cross-linker.
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fore, even if the network can reveal the presence of different regions, it might
miss some other aspects of the free-energy surface. With the purpose to
gain quantitative information about the free-energy surface, two methods
have been recently developed [66,67]. They will briefly presented in the next
two sections. The common characteristic of these methods is that they are
based on fast relaxation rather than the commonly used structural similarity
criterion (such as the fraction of native contacts or RMSD from the folded
structure) [58].
1.3.2 Kinetic Grouping Analysis
The Kinetic Grouping Analysis (KGA) method [66] is based on the obser-
vation that if two conformations interconvert rapidly they are not separated
by a barrier and therefore belong to the same basin. The method requires
only one parameter, the commitment time τcommit, which is a typical relax-
ation time within the basins of the system. τcommit has to be much shorter
than the time required for interbasin transitions, but large enough to allow
intrabasin relaxation. The probability pcommit(i→ j) to observe a transition
from node i to node j within a given τcommit is an asymmetric, directed mea-
sure of the kinetic similarity of nodes i and j. Once the pcommit-matrix has
been calculated for nodes containing more than a certain number of snap-
shots (between 50 and 500, depending on the amount of sampling), pairs of
nodes (i, j) are grouped together if pcommit(i→ j) ≥ 0.5. Fig. 1.7 illustrates
the procedure for a simple two-state system composed of four nodes. The
table on the right contains the probabilities that one node interconverts to
another within the chosen τcommit. The nodes that interconvert in more that
50% of the cases (i.e., nodes with interconversion probability pcomm ≥ 0.5 in
Fig.1.7) are grouped together (A, C, and D), whereas node B stays alone.
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Figure 1.7: Illustration of KGA procedure. Nodes A, C, and D interconvert rapidly
within τcommit and they are grouped together. For these nodes pcomm ≥ 0.5. B stays alone
since the barrier prevents fast relaxation between B and other nodes.
Figure 1.8: Effect of different τcommit. (Left) With τcommit=10 ns four main basins
are obtained: green, red, blue, and cyan. (Right) When τcommit is 20 ns the red basin is
absorbed into the cyan one.
This way of grouping leads to a partitioning into disjoint sets, i.e., a discon-
nected network, whose subgraphs correspond to different basins. It is worth
to mention that, different values of τcommit allow one to analyze different level
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of ruggedness of the free-energy surface (Fig. 1.8).
Although the kinetic grouping analysis has been introduced to analyze
long equilibrium simulations, it can be also applied to non-equilibrium sim-
ulations (Fig.1.9). In fact, since kinetic grouping analysis takes into account
only the rapid, local interconversion between conformations within a basin,
there is no requirement for global equilibrium sampling. Therefore, also
basins visited during kinetic simulations can be isolated, provided that the
system equilibrates locally.
Figure 1.9: The free-energy basins of EAAAR identified by KGA with
τcommit=10 ns are shown with different colors. KGA shows multiple channels to the
folded state (green basin). Representative structures are the same as Fig. 1.6. Brown
nodes were not assigned by kinetic grouping analysis.
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The network of the folding kinetics (i.e., out of equilibrium) of EAAAR
presented in Fig. 1.9 shows the presence of multiple folding pathways (i.e.,
different basins with different color) with different time scales.
1.3.3 Cut-based Free Energy Profiles
As already discussed, the projection on one or two geometric degrees of free-
dom is not consistent with the complexity of the actual free-energy sur-
face. Projected free-energy surfaces are most useful if they preserve barriers
and minima in the order they are met during folding/unfolding events. A
new progress coordinate, having this feature, was introduced by Krivov and
Karplus [68]. The method uses the partition function of a region as the
progress coordinate and determines the free-energy barriers as a function of
the coordinate by a method based on the folding probability or on mean first
passage time (mfpt) to a selected node. The latter was employed throughout
this work. Barriers between any two nodes of interest (called representative
nodes) are calculated using the minimum cut-maximal flow Ford-Fulkerson
algorithm [45, 69]. For this reason the procedure is called cut-based free-
energy profile (cFEP).





where cij is the edge capacity from node j to node i which is proportional to
the number of direct transitions from j to i. When the nodes are partitioned











where ZA is the partition function of the region A, ZB is the partition function
of the region B, and ZAB is the partition function of the cutting surface (i.e.,
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of the barrier) that divides the cFEP into A and B (see Fig. 1.10 top panel).
The free-energy of the barrier can be written as
∆G = −kT ln(ZAB) (1.4)
It is possible to isolate all the basins and barriers by iterative determi-
nations of the minimum-cuts between all pair of nodes with the Gomory-Hu
algorithm [70]. In practice, to calculate the cFEP, the nodes are sorted ac-
cording to their mfpt values. For any mfptc between 0 and mfptmax a point
[ZA/Z,−kT ln(ZAB/Z)] on the cFEP can be calculated, where A is the set
of all nodes with mfpti < mfptc and B the set of nodes with mfpti > mfptc
(a schematic illustration is presented Fig. 1.10, bottom panel).
The combination of the cFEP with a RMSD coarse-graining (i.e., a coarse-
graining that groups kinetically similar snapshots) shows the presence in the
helical state (i.e., trans conformation of the cross-linker) of all the photo-
switchable peptides investigated of a free-energy barrier arising from two
different orientations of Arg10 with respect to the cross-linker: the first has
Arg10 on the right side (R-conformation, Fig. 1.11 left) whereas the second
has Arg10 on the left side (L-conformation, Fig. 1.11 right). Fig.1.11 shows
the cFEP of the helical state of EAAAR peptide, where the most populated
node (i.e., native) has mfpt=0. All nodes lying on the left side of the bar-
rier belong to the native basin (ZA/Z <0.66, i.e. a population of ∼66%).
Compared with secondary structure coarse-graining used for KGA analysis,
RMSD coarse-graining has the main advantage that it takes into account
side chain conformations. In fact, similar structures can be separated by
considerable barriers, for instance if the transition between them implies the
rearrangement of the side chains. This property allows one to study the R-
to L-configuration transition mechanism.
20 Introduction
Figure 1.10: Schematic illustration of the cFEP procedure. (Top) Partitioning
of the nodes in the network into to regions A and B. The cutting surface is the surface
with the minimal partition function ZAB that divides the cFEP into A and B. (Bottom)
Schematic illustration of the one-dimensional cFEP procedure using mfpt as progress
variable. Each of the four solid circles represents a free-energy basin while concentric
dashed circles represent values of mfpt. For each value of mfptc between 0 (native node)
and mfptmax a point in the profile is obtained. (Bottom right) ∆G of the fraction of links
crossing the cutting surface at mfpt=mfptc. (Bottom left) Relative partition function
ZA/Z, where the set A contains the nodes with mfpt<mfptc. The figure is taken from
Ref. [67]
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Figure 1.11: The cFEP of equilibrium trans simulations of EAAAR shows
a free-energy barrier separating RMSD clusters with R-configuration of Arg10 from
clusters with L-configuration. The height of the barrier is about 2 kcal/mol. The repre-
sentative structure on the left side of the barriers has R-conformation of Arg10, whereas
the representative structure on the right side has L-configuration.
1.4 Thesis Scheme
This thesis is organized with the following structure consisting in the corre-
sponding publications:
• Chapter 3. α-Helix Folding in the Presence of Structural
Constraints. The study of the site-specific folding kinetics of AAAAR
peptide from both experimental and computational sides, shows that
the folding times differ form site to site at low temperature (281 K) and
moreover different sites fold in a noncooperative manner. The combina-
tion of network analysis and KGA to analyze the MD simulations shows
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that the unfolded state is kinetically partitioned into parallel folding
routes having different folding times. Moreover, the barriers within the
unfolded state are higher that barriers between unfolded basins and the
native one, providing evidence that the native state acts as a hub.
• Chapter 4. Bulky side chains and non-native salt bridges
slow down the folding of a cross-linked helical peptide: A
combined molecular dynamics and time-resolved infrared spec-
troscopy study. This work shows that the network analysis of the
MD simulations in combination with KGA provide a description of the
free-energy surface of α-helix formation that not only captures the com-
plex folding behavior and sequence dependence but can also be used to
make suggestions for guiding experiments.
• Chapter 5. Cross-linked helical peptides have complex free-
energy surface. In this paper we investigate the role of the entan-
glement of bulky side chains with the cross-linker using the cFEP ap-
proach, combined with side chains RMSD coarse-graining. The cFEP
of the helical state shows a barrier arising from two different orienta-
tions of Arg10 with respect to the cross-linker. Additionally, we com-
pared the behavior of the folding kinetics of AAAAR, EAAAR and
EMAAAR in three different cases: in the presence of the cross-linker;
when the cross-linker is substituted with a distance constraint mimick-
ing the effect of a “non-bulky” cross-linker; in the absence of constraints
(free-system).
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We have investigated the site-specific folding kinetics of a photo-
switchable cross-linked -helical peptide by using single 13C  18O
isotope labeling together with time-resolved IR spectroscopy. We
observe that the folding times differ from site to site by a factor of
eight at low temperatures (6°C), whereas at high temperatures
(45°C), the spread is considerably smaller. The trivial sum of the site
signals coincides with the overall folding signal of the unlabeled
peptide, and different sites fold in a noncooperative manner.
Moreover, one of the sites exhibits a decrease of hydrogen bond-
ing upon folding, implying that the unfolded state at low temper-
ature is not unstructured. Molecular dynamics simulations at low
temperature reveal a stretched-exponential behavior which orig-
inates from parallel folding routes that start from a kinetically
partitioned unfolded ensemble. Different metastable structures
(i.e., traps) in the unfolded ensemble have a different ratio of loop
and helical content. Control simulations of the peptide at high
temperature, as well as without the cross-linker at low tempera-
ture, show faster and simpler (i.e., single-exponential) folding
kinetics. The experimental and simulation results together provide
strong evidence that the rate-limiting step in formation of a
structurally constrained -helix is the escape from heterogeneous
traps rather than the nucleation rate. This conclusion has important
implications for an -helical segment within a protein, rather than
an isolated -helix, because the cross-linker is a structural con-
straint similar to those present during the folding of a globular
protein.
cooperativity  infrared spectroscopy  molecular dynamics simulation 
peptide folding
In many biomolecular systems, large changes can take place inresponse to a relatively small perturbation in the environment
such as a variation in temperature, denaturant concentration, or
the partial pressure of certain gases. Such an ‘‘all or nothing’’
phenomenon is termed a cooperative process. The classical
example of cooperativity is the binding affinity of oxygen
molecules to the four hemes of hemoglobin (1), which is a factor
100 to 1,000 times larger for the fourth oxygen molecule com-
pared with the first. This leads to a sigmoidal dependence of
oxygen binding on oxygen partial pressure with a sharp transition
in a relatively small range of the latter. The folding of -helices,
which constitute one of the predominant secondary structures in
many proteins, is often described in a similar manner (2): Once
an entropically expensive nucleation process has occurred, i.e.,
a first helical turn with a hydrogen bond is formed, the zipping
of additional hydrogen bonds is more likely because it is enthal-
pically favorable. A thermodynamic (statistical) treatment of the
process leads to so-called nucleation-propagation-models (or
zipper models), initially introduced by Zimm and Bragg (3) and
Lifson and Roig (4). A large number of thermodynamic studies
on -helical peptides has been treated extremely successfully in
terms of these models (5–8).
Cooperativity implies that the free energies of the two states
of a system are balanced, however, in a way that enthalpic (H)
and entropic (T S) contributions are large and compete
against each other, leading to a characteristic sigmoidal transi-
tion as a function of the external control parameter. Because, in
general, enthalpy and entropy vary in a nonsynchronous way as
a function of some order parameter, the resulting free-energy
surface G  H  TS will be uneven and in most cases will
have a pronounced barrier. This is why this definition of coop-
erativity, which is based on thermodynamic arguments, often
also has consequences for the kinetics of the transition between
the two states. For example, in the classic case of oxygen binding
to hemoglobin, a two-state allosteric model (i.e., the MWC
model) can also explain the binding rate that increases with the
number of already bound oxygen molecules (1). Cooperativity in
protein folding reflects a two-state conformational distribution;
its investigation requires a rigorous analysis of the folding
transition (9). In the case of the helix–coil transition, high
cooperativity would imply that once the rate-limiting nucleation
step has occurred somewhere in the sequence, all subsequent
helical turns would form at essentially the same time. Then, one
common rate would be expected for all sites, corresponding to
the nucleation rate (the propagation rate would not be detect-
able because it is very fast). Indeed, temperature-jump experi-
ments on helix folding have successfully been described by
‘‘kinetic-zipper’’ models (10, 11), in which thermodynamic states
of a nucleation-propagation model are linked by rate constants.
However, because the cooperativity of isolated -helices is weak,
in particular when they are short, they do not fold in a two-state
fashion, but rather with biexponential kinetics resulting from the
coupling between nucleation and the only slightly faster diffusive
elongation (10, 12).
It has recently been argued that even proteins that appear to
be two-state folders can in fact be much more complex when
reporting the folding free-energy surface on the level of indi-
vidual protons by using NMR chemical-shift spectroscopy (13).
IR spectroscopy together with site-selective isotope labeling
offers the time resolution to perform site-selective folding
studies also in a kinetic sense, even for the much faster folding
of secondary structure motifs. The amide I (C  O stretch)
vibrational mode is very sensitive to hydrogen bonding and
dipole–dipole coupling among different peptide units (14), and
isotope labeling of the carbonyl groups allows one to spectrally
single out individual amino acids (12, 15). Gai and coworkers
(12) demonstrated by 13C  16O labeling of groups of four
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subsequent alanines that the relaxation rates vary by 10%
throughout the sequence. This result points to a more complex
behavior of -helix folding. Nevertheless, such a small degree of
heterogeneity could be still modeled in the framework of
nucleation-propagation models, taking into account position-
dependent parameters for the different amino acids in the
heteropolymer (16). However, as we will show, labeling of
groups of several subsequent amino acids might still be too
coarse-grained. If the kinetics in various sections of the peptide
differ, one might expect variations even on the single amino acid
level. Indeed, by using 13C  18O double labeling of a single
amino acid in a small helix bundle protein, Dyer and coworkers
(17) obtained considerably different melting curves and consid-
erably different complex folding kinetics for that particular site,
compared with the averaged signal.
As an alternative approach to study -helix folding, we
recently started to employ an azobenzene moiety as a photo-
switchable structural constraint (see Fig. 1A) (18–20). Two
cysteines are cross-linked in such a way that the azo-moiety in the
trans (cis) conformation stabilizes (destabilizes) the helix, as
deduced from CD spectroscopy (Fig. 1 B and C). This allows one
to monitor both the folding and the unfolding direction of one
and the same molecule at identical temperatures. We observed
stretched exponential kinetics in both directions (20), in dis-
agreement with the prediction from nucleation-propagation
models that would reveal compressed exponential kinetics in the
folding direction (21) (in fact, compressed exponential response
has already been obtained in figure 10 of ref. 10, however,
remained undiscussed). We therefore speculated in our previous
work that the rate-limiting step in folding of our model systems
is the escape from misfolded traps, which are consistently
obtained in full-atom molecular dynamic (MD) simulations of
small peptides (22–29).
Here, we present a comprehensive set of kinetic data of the fold-
ing of a photoswitchable -helix (Ac-AACAK5AAAAK10
AAACK15A-NH2) on the single amino acid level by employing
13C  18O labeling of an alanine-rich peptide, revealing strong
variations in the folding kinetics and their temperature depen-
dence along the sequence. The interpretation of the experimen-
tal data are corroborated by multiple implicit solvent (30) MD
simulations (31) of folding of a similar cross-linked peptide (i.e.,
Ac-AACAR5AAAAR10AAACR15A-NH2) at low and high tem-
peratures, and their network analysis (22, 29). Nonequilibrium
MD simulations of an eight-residue cyclized peptide immersed
in dimethyl sulfoxide have been published recently (32, 33) but
those studies focused on the contributions to the frequency shift
and did not mention pathways and kinetics of (helical) folding.
The atomistic detail of the MD simulations and the large
sampling of folding events (100 MD runs for a total of 0.4 ms)
allow us to directly extract the conformational distribution from
the trajectories. The comparison of experimental data and
simulation results shows qualitatively similar folding kinetics and
temperature dependence. Our analysis provides strong evidence
that (i) the azo-cross-linker stabilizes kinetic traps originating
from nonnative contacts that are nonexistant in isolated helices
and that (ii) the azo-cross-linker finally destroys the already weak
cooperativity of isolated -helices. The analysis of the photo-
switching simulations provides insights, at the atomic level of
detail, on the foldingmechanism and thereby explains the kinetic
traces measured experimentally.
Results and Discussion
Noncooperative Helix Folding. Fig. 1C shows melting curves de-
duced from the fractional helicity at 222 nm [assuming []222 
32,000 deg cm2/dm for the ellipticity of a fully folded helix
(34)]. Within the limited temperature range, the sigmoidal
dependence of the folding transition is hardly visible (see Fig. 1C
Inset). Nevertheless, the helicity in the trans conformation varies
slightly more than the relative temperature change (T/T 
24%), hence we conclude that some small degree of cooperat-
ivity still remains, in the sense that folding enthalpy and folding
entropy compete against each other. A comparison with melting
curves from similar but nonlinked peptides (34, 35), which are
steeper, indicates that the linker reduces the conformational
f lexibility of the unfolded ensemble and, hence, diminishes the
entropic penalty of folding. It should be noted that the folding
rates we observe for the azo-linked peptides (19, 20) are similar
to those found in temperature-jump experiments of comparable
unlinked peptides (10, 12, 36, 37) (a one-to-one comparison is
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Fig. 1. Photoswitchable peptide and its steady-state spectra at room tem-
perature. (A) Schematic drawing of the photoswitchable peptide in its cis
(Left) and trans (Right) conformations. (B) CD-spectra of the peptide in its
complete trans and cis states at room temperature. (C) The helicities in the cis
and trans conformations at various temperatures. The trans spectrum was
obtained in darkness, and the cis-spectrum was obtained under 365-nm
illumination together with an estimate that 75% of the molecules are in the
cis conformation (based on the UV-vis absorbance difference). (Inset) The first
derivative of the trans CD data reveals the inflection point. (D–I) FTIR-
difference spectra between the trans (under 436-nm illumination) and cis
state (under 365-nm illumination) of each peptide at room temperature.
Shown are the difference between not-labeled (NL) and labeled (LX, labeled
at residue X) samples taken from the FTIR-spectra (thin black line) and from
the late delay-time pump-probe spectra 30s after photoswitching (thin blue
line). The arrows point to the frequency position from which the site-specific
kinetics has been extracted.













not possible because the sequences used in temperature-jump
experiments are typically a bit longer) and that the amino acid
sequence determines the folding rate to a significant extent.
That is, at room temperature, the folding rate is 1,200 ns
for Ac-EACAR5EAAAR10EAACR15Q-NH2 (19), 700 ns for
Ac-AACAR5AAAAR10AAACR15A-NH2 (20), 600 ns for Ac-
AACAK5AAAAK10AAACK15A-NH2 (this study), and 2,200 ns
for Ac-EMCAR5EMAAR10EMACR15Q-NH2 (data not
shown). This variability indicates that interactions among the
amino acid side chains and with the cross-linker may act as traps
that are, indeed, rate determining.
Stationary FTIR-difference spectra between the two conforma-
tions of the photoswitchable helix are shown in Fig. 1 D–I. Upon
folding, the unlabeled amide I band red-shifts with a positive signal
1633 cm1 and a negative signal with additional substructure
1655 cm1 and 1680 cm1, reporting on an overall strengthening
of hydrogen bonding (14). Additional small bands are observed at
lower frequencies that originate from both the ring modes of the
azo-moiety (1,602 cm1 and 1,580 cm1) (20) and from the isotope
labels. By subtracting the FTIR-difference spectrum of the nonla-
beled compound (termed NL throughout the text) from that of
isotope-labeled compounds (termed LX, where X is the labeling
position counted from the N terminus), the contributions of the
latter can be isolated. As expected, they are downshifted by 65
cm1 from themain band, exhibiting a dispersive shapewith a sharp
and distinct positive contribution in either case, whereas the neg-
ative contribution is, in general, broader and less clearly identified
(see arrows in Fig. 1 D–I). The one notable exception is L7, which
shifts to higher frequencies upon folding of the -helix (Fig. 1F),
opposite to all other residues. Because the frequency of the 13C 
18O vibration is related to the strength of hydrogen bonding, the
only conclusion can be that hydrogen bonding of this particular site
is stronger in the ‘‘unfolded’’ ensemble.
In the time-resolved experiments, helix folding is initiated by
a subpicosecond laser pulse isomerizing the azo-photoswitch,
and the formation of individual hydrogen bonds is detected in
the amide I region as a function of time (19, 20). To single out
the contribution from the isotope label, difference spectra
between nonlabeled and labeled samples had to be taken.
Furthermore, to suppress temperature-induced baseline effects,
two kinetics were collected for each sample (Fig. 2 A and B; NL,
open circles; L1, filled circles) at the frequency positions with the
biggest deviations between nonlabeled and labeled sample (left
and right from the 13C  18O vibration, as indicated by arrows
in Fig. 1). The result of subtracting the normalized signals from
NL and L1 is shown in Fig. 2C (normalization was performed
according to concentration obtained from the UV-vis spectrum
and excitation power), and the difference between the traces at
the two frequencies is shown in Fig. 2D. This ‘‘difference of
difference signal’’ constitutes the site-selective folding trace and
can be fitted (within signal-to-noise) with a single-exponential
function shown as a solid line in Fig. 2D for L1. We note also that
the difference–difference signals of the late time transient
experiment agree with that from the FTIR-experiment (Fig. 1),
validating the correctness of the background subtraction proce-
dure. The site-selective folding traces labeled at all other posi-
tions are shown in Fig. 2 E–J. The immediate observation is that
the rates scatter quite substantially without clear correlation
between neighboring sites (Fig. 3A), thus, each peptide unit
behaves independently, or noncooperatively. As a general trend,
the signal is larger in the middle of the peptide, and sites 4, 7, and
9 reveal the most dominant signals (however, note again that L7
exhibits kinetics in the opposite direction; Fig. 2F). In line with
other studies (e.g., ref. 38), a so-called ‘‘end-fraying effect’’ is
observed as evidenced by smaller signals at the C and N termini.
As a matter of fact, one would not expect any response from L13
and L16 at all, because they cannot form -helical hydrogen
bonds even in the folded conformation, and indeed, the signals
are extremely small. Interestingly, the rates are correlated with
the amplitudes of the corresponding signals (Fig. 3A); thus, the
larger the driving force, the faster hydrogen bond formation.
Temperature Dependence. It is useful to plot the rates of folding
of individual sites (i.e., the rates of helical hydrogen bond
formation of individual backbone carbonyl groups) against
reciprocal temperature, as measured by the isotopically labeled
peptides (Fig. 3C). The individual sites exhibit considerably
different temperature dependencies. The spread of rates is
clearly bigger at low temperatures (a factor of approximately
eight at 6°C), whereas they approach each other at higher
temperatures (a factor of two at 45°C). Interestingly, summing up
all site-signals with their relative intensities, the kinetics of the
unlabeled band can be reproduced remarkably well (Fig. 3E).
This result shows that our set of single-site labeled peptides
represents the overall folding kinetics very well and, more
importantly, that the averaged kinetics is just a trivial sum of the
individual contributions. The average folding time of the NL
peptide increases from approximately  240 ns to  1,290 ns
when lowering the temperature from 45°C to 6°C and becomes
more stretched with a stretching factor that decreases from  
1.00 to  0.71 (fitting it with a function exp[(t/)]) (19, 20).
The larger spread of rates reveals stretched exponential kinetics
at low temperatures, whereas the more uniform values at higher
temperatures result in a close to single-exponential response.
Qualitatively speaking, theMD simulations reveal very similar
results. Just as in the experiment, the folding rates and ampli-
tudes vary strongly from site to site (Fig. 3B), with a fraying effect
toward the ends and a dip in the folding amplitudes in the middle
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L1-NL(1564 cm-1) ∆1564 cm-1-∆1575 cm-1D
L1: 780 ns
Fig. 2. Site-specific folding signals at 19°C. (A and B) Kinetic traces of the L1
and NL at 1,564 cm1 (A) and at 1575 cm1 (B). (C) The difference of the L1 and
NL signals at these wavelengths. (D) The difference between the resulting
signals together with its single exponential fit (solid line). (E–J) Site-selective
folding signals of the other sites. The solid lines are single-exponential fits of
the curves with the resulting time constant indicated.
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of the helix (albeit not exactly at the same position). Also the
temperature dependence observed in the MD simulations is in
qualitative agreement with the experimental data (Fig. 3D),
despite the larger spread of individual-residue rates, which is
likely to originate mainly from the low friction coefficient [see
supporting information (SI) Text]. Quantitative agreement is not
expected because of the approximations inherent to the force
field and implicit solvation model as well as the slightly different
amino acid sequence. As an example, the fastest rate observed
in MD (L13, blue square symbol in Fig. 3D) is the slowest in the
experiment (Fig. 3C), which is in part a consequence of the very
small amplitude. Nevertheless, essentially the same overall fold-
ing kinetics and temperature dependence emerge from the
analysis of the MD simulations in terms of total number of
hydrogen bonds involving carbonyl groups (Fig. 3F), which is the
MD observable closest to the experimental signal. The folding
signal from the MD runs at low temperature shows complex
kinetics, clearly deviating from single-exponential behavior.
There are indications for deviations from single-exponential
response even on the single-site level in both the experimental
(Fig. 2) and the MD data (Fig. S3 and Tables S2 and S3),
however, because of limited signal-to-noise, we do not discuss
them in detail. Nevertheless, the largest contribution to the
nonexponentiality of the overall signal originates from the
spread of rates rather than from the nonexponentiality of the
individual signals. Moreover, just as in the experiment, faster
folding and single-exponential behavior are observed in the MD
runs at high temperature (Fig. 3F, red). In particular, the ratio
of folding times at low vs. high temperature is close: 29:6 in the
simulations of the cross-linked peptide and 1,290:240 as mea-
sured experimentally. Finally, we simulated folding of the pep-
tide without the cross-linker (Fig. 3F, magenta, an ‘‘experiment’’
that can only be performed on the computer) and obtain
single-exponential response even at low temperature.
Origin of Complex Kinetics Explained by Network Analysis of MD
Trajectories. In the example of oxygen binding to hemoglobin,
cooperativity implies that the first step is the rate-limiting step (1).
If the samewere true for the folding of our photoswitchable-helix,
one common rate would be expected for all sites corresponding to
the rate-limiting nucleation step. Such a common rate is not
observed; instead, each amino acid site responds individually,
reporting on various escape rates from different partially folded or
trap states. The averaged signal obtained from the main band is
then a nonspecific sum of these rates, and hence, the folding of the
cross-linked-helix is definitely not cooperative in the kinetic sense,
although, from thermodynamic considerations (Fig. 1C), onemight
still deduce some degree of cooperativity. The complexity of the
folding process is masked in an averaged signal, as suggested by
previous atomistic simulation studies (22, 23), which have demon-
strated that projecting the free energy on a single progress variable
based on geometry, e.g., number of native contacts or rmsd from
native, is not consistent with the complexity of the actual free-
energy surface (25). Note that these projections (histogram-based
free-energy profiles in Fig. S4) do not reveal any rate-limiting
barrier for the photoswitchable -helix.
The agreement of the MD results with the experiment justifies
drawing detailed conclusions from the former. To that end, the
folded (i.e., fully -helical) state, and the most populated
metastable states, can be isolated by grouping conformations
according to fast relaxation along the MD trajectories, a proce-
dure called kinetic grouping analysis (29). The advantage of this
procedure with respect to a simple projection onto one or two
progress variables is that structures (i.e., coordinate sets) are
grouped into free-energy minima, not according to geometric
characteristics, but rather according to the dynamics. The net-
work analysis shows that escape from traps with a mixture of loop
and helical content is rate limiting and that there are multiple
parallel folding channels originating from a kinetically parti-
tioned unfolded state (Fig. 4). The kinetic grouping analysis,
using secondary structure strings (39), reveals that, of the four
main folding channels, one starts from within the helical basin,
whereas the remaining three start from the following metastable
states: two C-terminal -helical turns formed (Fig. 4B), only
N-terminal -helical turn formed (Fig. 4C), and only one
C-terminal -helical turn formed (Fig. 4D). The unfolded state
is kinetically partitioned so that the traps are connected to the
one folded state in a star-like manner, and the folded basin acts
as a hub (22) for the interchange between misfolded or partially
folded states. An example is shown in Fig. 4D where, starting
from the trap with only the C-terminal turn formed, the peptide
first reaches the fully -helical state and then unfolds to a
structure with broken N-terminal turn (as seen from the de-
creasing brightness of the yellow coloring of the nodes along this
pathway). Importantly, different channels have barriers of dif-
ferent heights (Table S1), with rates ranging from1/(10 ns) for
folding from the helical basin (green in Fig. 4A) to1/(1,000 ns)
for folding from the structure with only N-terminal turn formed
(cyan in Fig. 4A). Therefore, the spread observed in the site-
specific rates originates from the heterogeneous degree of
formation of individual helical hydrogen bonds in different traps.
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Fig. 3. Summary of the experimental (A, C, and E) and MD (B, D, and F)
results. (A and B) Amplitudes (upward, red) and corresponding rates (down-
ward, blue) at 19°C (A) and 8°C (B). Note that site 7 in the experiment, and sites
13–16 in the MD simulations, have inverted amplitudes. (C and D) Site-
selective folding rates as a function of inverse temperature. In D, black circles
are used for residues not measured experimentally. (E) Sum of all site signals
(symbols) and amide I signal of the nonlabeled peptide (solid lines) at 6°C,
19°C, and 45°C. (F) Average number of hydrogen bonds along the MD simu-
lations: 100 MD runs at 8°C with stretched exponential fit h(t)  13.6 
1.6exp(t/29 ns)0.39 (blue), 50 MD runs at 57°C with single-exponential fit
h(t)  12.2  1.4exp(t/6 ns) (red), and 50 MD runs of peptide without
cross-linker at 8°C with single-exponential fit h(t)  13.6  0.9exp(t/2 ns)
(magenta). The standard deviations are almost all	0.3 units. The experimen-
tal data in E are normalized, and the background has been removed, whereas
the corresponding MD data in F are on their original scale.













The interpretation of the experimental data, thanks to the
folding mechanism and pathways extracted from the MD sim-
ulations, provides strong evidence that the rate-limiting step of
helix folding (at low temperature) is exactly the escape rate from
a few metastable states (some of them stabilized by nonnative
contacts) rather than the commonly assumed nucleation step.
Conclusion
The kinetics and mechanism of folding of a photoswitchable
cross-linked -helix have been investigated by a combined
experimental–simulation study. At low temperatures, the hydro-
gen bond formation rates of different sites scatter by almost one
order of magnitude, whereas they approach each other at higher
temperatures. The spread of rates is significantly larger than the
10% effect observed for an isolated helix (12) and appears to be
too large to be consistent with conventional nucleation-
propagation models along the lines of ref. 16. Furthermore, with
group L7, we directly observe a nonnative contact in the
misfolded ensemble, the existence of which, however, is ne-
glected in nucleation-propagation models. On the other hand,
good agreement with an all-atom MD simulation is obtained,
which justifies drawing interpretations at atomic resolution from
theMD results. Notably, theMD analysis unmasks discrete traps
(i.e., nonnative free-energy basins) along parallel folding path-
ways, which render the overall kinetics nonexponential. The
cross-linker actually stabilizes these traps, as observed from the
difference in response in MD runs with and without cross-linker
(Fig. 3F). However, in contrast to previous studies, where
noncooperative folding has been interpreted as barrierless fold-
ing (40, 41), we argue here that a completely different scenario,
i.e., a few traps in the unfolded state that are separated from the
native basin by barriers of different heights, may lead to a similar
noncooperative behavior. This scenario (with barriers of differ-
ent heights) is different from a barrierless landscape, but they
share a higher population of conformations with intermediate
compactness with respect to the two-state behavior (42).
Isolated -helices fold in a marginally cooperative manner, as
seen by the somewhat steeper melting curve (34, 35) than in Fig. 1C
and the only small variation of folding rates along the peptide chain
(12). If -helix folding were cooperative, one could think of it as
binary (all or nothing) when studying the folding of tertiary
structures in larger proteins. However, addition of an azo-cross-
linker as a switchable structural constraint finally destroys the
already weak cooperativity of isolated -helices. Structural con-
straints of this sort might also exist for a helical segment in a larger
protein by the very fact that the helix is connected through the
backbone to the rest of the polypeptide chain, and its flexibility is
restrained by tertiary contacts with other pieces of the protein. As
such, the folding of secondary and tertiary structures cannot be
thought of as decoupled. Paradoxically, the folding of the cross-
linked -helix might be closer to the natural situation inside a
globular protein than that of an isolated helix.
Materials and Methods
Experimental. Synthesis of the molecule, Ac-AACAK5AAAAK10AAACK15A-NH2,
cross linked by a azo-moiety acting as a photoswitch and with 13C  18O-
labeled alanine at eight different positions, was performed as described (18).
IR pump-probe spectroscopy with delays ranging from 10 ps to 40 s was
performed by using two electronically synchronized Ti:S laser systems, one of
which was frequency doubled to generate pump pulses at 420 nm and the
second pumped an IR-OPA to obtain broadband IR probe pulses (19, 20).
Computational.MDsimulationswereperformedbyusingtheCHARMMprogram
package (31) using standard procedures and an implicit solvent (30). The force
Fig. 4. The network analysis (22, 29) of the 100 MD runs at 281 K shows parallel folding channels. Each node (i.e., conformation) of the network represents
a secondary structure string (39), and a link is a direct transition (within 20 ps) observed in the MD runs. The surface of each node is proportional to its statistical
weight, and only the 1,387 nodes with at least 200 snapshots (96.7% of total sampling) are shown to avoid overcrowding. (A) The free-energy basins, i.e., native
(green nodes) and metastable states [identified by kinetic grouping analysis (29) using a commitment time of 10 ns to group conformations that interconvert
rapidly], are shown with different colors, and their characteristics are listed in Table S1. Within each basin, nodes and intrabasin links are shown with the same
color, and interbasin links are colored in gray. White diamonds indicate the starting points of 82 of the 100 folding runs, whereas the remaining 18 runs reached
directly the most populated node (i.e., fully formed -helix, large green circle) and are not shown. An enlarged version of the network is shown in Fig. S2. (B–D)
Nodes are colored according to the values of the mean first passage time (29) from the most populated node (white squares) of individual metastable states to
all other nodes. The time scale goes from 0 (yellow) to 
2 s (blue). The coloring shows that the unfolded state is kinetically partitioned, and the folded (i.e.,
fully -helical) state acts as a hub. Visits to unfolded metastable states different from the starting one require a much longer time than reaching the folded state.
Representative structures of the folded state and each metastable state are shown by flexible tubes of variable diameter reflecting conformational disorder, with
-helical turns in green, loop segments in gray, N terminus in blue, and cysteine side chains in yellow for emphasizing the position of the linker.
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field parameters for the azo-moiety were derived from the PARAM19 for the
amide backbone and phenyl ring of Phe as well as from ref. 43 for the dihedral
angles of the central N  N bond (Fig. S1). An equilibrium ensemble with the
cross-linker in the cis conformation was sampled by two runs of replica exchange
MD (44). After instantaneously switching the torsional potential of the central
N  N bond to one that strongly favors the trans-configuration, ensembles of
nonequilibrium Langevin dynamics runs of 4 s each were started from the cis
equilibrium ensemble at both 330 K and 281 K. Network analysis (22, 29) of the
resulting nonequilibrium trajectories was supported by the program WORDOM
(45). Because of the implicit solvent model, both the absolute temperatures and
rates are somewhat arbitrary. In the comparison with the experiments, we
therefore focus on trends, rather than the absolute values.
For a more detailed account of materials and methods, see SI Text.
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SI Text
Molecular System. Alanine 1-13C and H218O were purchased
from Cambridge Isotopes Laboratories. The 16O to 18O ex-
change in the Ala-carbonyl was performed as described in ref. 1,
and the FMOC-protection for the 13C  18O-labeled alanine
was performed as described in ref. 2. IR, together with mass
spectroscopic analysis, confirmed that the sample contained
90% FMOC-Ala-1-13C  18O-18OH. Ac-AACAK
5AAAAK10AAACK15A-NH2 labeled at eight different posi-
tions were prepared by using FMOC-based solid-phase peptide
synthesis (GL Biochem). The peptides were then cross-linked
with the photoisomerizable linker (3) to obtain the photoswitch-
able peptide. After removing TFA, the sample was diluted in
D2O to a concentration of 1 mM.
Experimental Setup. For the time-resolved measurements, two
electronically synchronized femtosecond laser systems were used
(4). The output of laser system 1 was frequency doubled to
generate pulses at 420 nm, which switches the azobenzene from
the cis to the trans state. The output of laser system 2 was used
to pump an OPA to obtain IR probe pulses (100 fs, center
frequency 1,620 cm1, bandwidth 240 cm1 FWHM). The
probe and reference beams were frequency-dispersed in a
spectrometer and imaged onto a 2  32-pixel HgCdTe detector
array. The sample was switched back to the initial cis-state by
using a cw-Argon-ion laser at 366 nm, (and a properly filtered
Hg-lamp for the stationary FTIR data).
Force-Field and Implicit Solvation Model. All simulations and most
of the analysis of the trajectories were performed with the
program CHARMM (5); the rest of the analysis was done with
the program WORDOM (6), which is particularly efficient in
handling large sets of trajectories. The peptide Ac-AACAR
5AAAAR10AAACR15A-NH2 was simulated with and without
the linker. The MD simulations were performed (at slightly
higher temperature values of 8°C instead of 6°C and 57°C instead
of 45°C) to compare with a previous IR spectroscopy study of the
Arg-peptide (7) before the experimental work on the isotope-
labeled Lys-peptide had started. The Arg/Lys difference is not
expected to affect the agreement between experimental and
simulation results, because of the similar side-chain length and
positively charged end groups. Also, similar folding kinetics are
observed for the Arg- and Lys-peptides by IR spectroscopy
analysis (7). All heavy storms were considered explicitely as well
as the hydrogen atoms bound to nitrogen or oxygen atoms
(PARAM19 force field). The default cutoff of 7.5 Å was used for
the nonbonding interactions. A mean field approximation based
on the solvent-accessible surface area was used to describe the
main effects of the aqueous solvent (8).
Parametrization of the Cross-Linker. The atom types for the cross-
linker atoms were derived from the PARAM19 amide backbone
and phenyl ring of Phe. For the double bond of the two nitrogen
atoms between the rings of the photoswitch, the parameters for
the dihedral angles were taken from ref. 9. The parameters for
bonds, angles, and impropers were derived per analogy with the
corresponding proteinaceous fragments in PARAM19.
Dihedral Function. To emulate the photoswitching process (i.e.,
isomerization of the C-n  N-C dihedral) the energy term
Edihedral
NN  21.61 cos2  180 4.361 cos4
[1]
(black curve in Fig. S1) was modified by removing the minimum
at   0° and using a force constant of 60 kcal/mol to preserve
the shape of the function from 90° to 180°
Edihedral,trans
NN  60.01 cos   4.361  cos 2 [2]
(red curve in Fig. S1). The Langevin dynamics simulations of
folding were run with the modified dihedral term starting from
snapshots saved during equilibrium cis runs. The isomerization
took place within a few picoseconds.
MD Simulations of the Peptide with Cross-Linker in the cis and trans
Conformations.The equilibrium ensemble of the peptide in the cis
conformation of the cross-linker was sampled by two replica
exchange MD (REMD) (10) simulations (9 s and 15 s) of six
replica each at temperature values of 281 K, 304 K, 330 K, 358
K, 388 K, and 420 K. Upon merging the REMD simulation
segments at 281 K (totalling 24 s), 100 equally spaced snapshots
were selected as starting structures for the folding runs at low
temperature (see below). The same procedure was used to select,
from simulations at 330 K, the 50 starting conformations of the
folding runs at high temperature. The equilibrium ensemble of
the peptide in the trans conformation of the cross-linker was
sampled by four REMD simulations (3 s each, for a total of 12
s) of six replica each with the same temperature values used for
the cis equilibrium REMD simulations.
MD Simulations of Folding. As in the time-resolved IR experi-
ments, in the MD simulations, the folding process is triggered by
an ultrafast isomerization of the cross-linker within a few
picoseconds. Therefore, the MD runs closely mimic the photo-
triggered -helix formation. Fifty (at 330 K) or 100 (at 281 K)
Langevin dynamics runs of 4 s each were started from the
equilibrium cis conformation of the peptide previously sampled
by REMD (see above). Moreover, 50 Langevin dynamics runs at
each of the two temperature values were performed for the
peptide without the linker. A friction coefficient of 1 ps1 was
used. This value is much smaller than the one of water (43 ps1
at 330 K) to allow for sufficient sampling within the microsecond
time scale of the simulations. A time step of 2 fs was used and
the coordinates were saved every 20 ps for a total of 2  105
snapshots for each 4-s run. A series of 100 4-s runs requires
two months on a 100-CPU cluster (about 0.5 s simulation time
per week on a single CPU). Using explicit water simulations it
would have been impossible to obtain the 0.4 milliseconds of
simulation time required to sample a statistically significant
number of folding transitions at low temperature, which is a
necessary condition for the present analysis.
Hydrogen Bond Analysis. The number of hydrogen atoms (co-
valently bound to amide nitrogen or guanidinium nitrogen
atoms) close to each carbonyl oxygen was calculated along the
MD trajectories to compare with the experimental signal of the
isotopically labeled peptide. Oxygen–hydrogen distance cutoffs
of 2.6 Å or 2.8 Å (with or without OH–N angle cutoff of 120°)
yielded essentially identical kinetic traces. Therefore, the dis-
tance cutoff of 2.6 Å (without angle criterion) was used.
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Fig. S1. Dihedral energy function: Edihedral
NN  K1(1  cos(n1  1))  K2(1  cos(n2  2)).
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Fig. S2. See legend of Fig. 4 in main text and Table S1.
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Fig. S3. Folding signal of individual carbonyl groups from Langevin dynamics simulations (first set, 281 K; second set, 330 K). The semilog plots show the time
dependence of the average number of hydrogen atoms within 2.6 Å of the backbone carbonyl oxygen. Single- and double- (only at 281 K) exponential fitting
curves (red and green, respectively) are shown with folding times and negative amplitudes given within each plot. All of the other values are shown in Tables
S2 and S3. The blue horizontal line at y 1.0 is drawn as a reference. Carbonyl groups in residues 14–16 are almost never involved in hydrogen bonds and are
therefore not shown.
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Fig. S3. Continued.
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Fig. S4. Free-energy profiles at 281 K as a function of the number of -helical residues (Upper) or number of -helical backbone hydrogen bonds (Lower). A
total of 4 106 conformations were used for the folding runs, 1.2 106 conformations for the cis equilibrium simulations, and 0.6 106 conformations for the
trans equilibrium simulations. Values at equilibrium were extracted from REMD segments at 281 K: 24 s for cis and 12 s for trans. The number of -helical
residues was calculated by DSSP (12), whereas the number of -helical hydrogen bonds was calculated by CHARMM using a cutoff of 2.6 Å for the distance
between hydrogen and oxygen atoms. Error bars are calculated by block averages, where the dataset is divided into two equal subsets. In contrast to the network
analysis, the complexity of the folding process is hidden in these projections along a one-dimensional progress variable.
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Table S1. Free-energy basins (i.e. folded state and most populated metastable states) determined by kinetic grouping analysis (KGA)
(11) for the folding runs at 281 K with commit  10 ns
Most populated node [conformation] Weight, % 	f, ns
Helical content in basins
Color of KGA basinH H  G  I
-HHHHHHHHHHHHHHH- 28.3 5 13.6 	 3.1 14.6 	 3.2 Green
–TT–IHHHHHHHHH- 32.6 396 7.3 	 2.8 8.9 	 3.1 Blue circles
-BSSSB-HHHHHHHHH- 1.3 424 7.7 	 2.7 8.7 	 2.5 Blue squares
–TTS-SHHHHHHHHH- 0.1 395 7.1 	 1.7 8.8 	 1.5 Blue diamonds
–HHHHHII-S-TTS– 17.4 928 5.5 	 2.4 7.9 	 2.2 Cyan
–SSSSS–SHHHHHH- 7.0 398 4.2 	 2.7 5.4 	 2.9 Magenta
Others 7.0 – – – Brown
Mean folding times (	 f) are average values for snapshots in a basin. The colors indicated in the last column are those used in Fig. S2. The first column contains
the string of secondary structure of native or metastable states (i.e., of KGA basins). There are eight possible 
letters



















, standing for  -helix, 310 helix, 
 -helix, extended, isolated  -bridge, hydrogen bonded turn, bend, and unstructured, respectively
(12). Because the N- and C-terminal residues are always assigned an 
–
 (12), a 16-residue peptide can, in principle, assume 816  1014 conformations.
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Table S2. Single- and double-exponential fit parameters for individual folding signals at 281 K from the Langevin dynamics runs
Residue
Single exponential Double exponential
a 	 , ns a1 	 1, ns a2 	 2, ns
Ac 12 0.05 7 0.04 41
1 0.19 204 0.08 1 0.16 293
2 0.19 21 0.13 3 0.12 219
3 0.13 99 0.07 2 0.10 202
4 0.02 6 0.32 92 0.36 136
5 0.04 115 0.01 1 0.04 84
6 0.20 10 0.05 2 0.16 13
7 0.18 1 0.40 2 0.20 4
8 0.13 4 0.11 0.5 0.07 20
9 0.14 6 0.14 6 0.03 3,972
10 0.12 5 0.13 5 0.01 154
11 0.11 1,790 0.05 89 0.01 2,055
12 0.09 23 0.06 0.4 0.07 32
13 0.13 0.3 0.09 0.2 0.05 0.7
14 0.04 9 - - - -
15 0.04 11 - - - -
16 0.06 2,650 - - - -
Negative amplitudes are shown in bold type.
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Table S3. Single-exponential fit parameters for individual
folding signals at 330 K from the Langevin dynamics runs
Residue
Single exponential


















Negative amplitudes are shown in bold type.
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Bulky Side Chains and Non-native Salt Bridges Slow down the Folding of a Cross-Linked
Helical Peptide: A Combined Molecular Dynamics and Time-Resolved Infrared
Spectroscopy Study
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Multiple 4-µs molecular dynamics (MD) simulations are used to study the folding process of the cross-linked
R-helical peptide Ac-EACAR5EAAAR10EAACR15Q-NH2 (EAAAR peptide). The folding kinetics are single
exponential at 330 K, while they are complex at 281 K with a clear deviation from single-exponential behavior,
in agreement with time-resolved infrared (IR) spectroscopy measurements. Network analysis of the conformation
space sampled by the MD simulations reveals four main folding channels which start from conformations
with partially formed helical structure and non-native salt-bridges in a kinetically partitioned unfolded state.
The independent folding pathways explain the comparable quality of models based on stretched exponential
and multiexponential fitting of the kinetic traces at low temperature. The rearrangement of bulky side chains,
and in particular their reorientation with respect to the cross-linker, makes the EAAAR peptide a slower
folder at 281 K than a similar peptide devoid of the three glutamate side chains. On the basis of this simulation
result, extracted from a total MD sampling of 1.0 ms, a mutant with additional bulky side chains (three
methionines replacing alanines at positions 2, 7, and 12) is suggested to fold slower than the EAAAR peptide.
This prediction is confirmed by time-resolved IR spectroscopy.
I. Introduction
Protein folding from the ensemble of denatured conformations
to the native state is a complex transition because of the many
degrees of freedom and interaction centers involved.1 In fact,
folding is driven by a delicate balance of van der Waals and
electrostatic forces between atoms in the protein, and protein-
solvent interactions. To tackle the complexity of the folding
process synergistic combinations of experimental and compu-
tational studies have been used successfully, in particular to
characterize the transition state ensemble of two-state proteins,2
and novel techniques are being developed. On the experimental
side, small and ultrafast folding proteins have been discovered
and further engineered.3,4 Recently, time-resolved IR spectro-
scopic techniques have been used to monitor folding kinetics
of helical peptides with a cross-linker from the picosecond to
microsecond time range.5 For triggering helical folding, the
conformation of the cross-linker (azobenzene) is “switched”
from cis to trans by using light of a given wavelength.6 On the
computational side, approaches based on complex network7 and
graph analyses8 have been recently introduced for analyzing long
MD simulations, which become more and more affordable
because of the ever-increasing computer power. These graph-
theoretical approaches have played an important role in showing
that the surprisingly simple two-state picture of protein folding,
often obtained by projecting the free energy onto an arbitrarily
chosen progress variable, is not consistent with the complexity
of the actual free-energy surface.9
Here, we investigate by MD the folding kinetics of the cross-
linked peptide Ac-EACAR5EAAAR10EAACR15Q-NH2 (ab-
breviated hereafter as EAAAR), and compare the simulation
results with the available time-resolved IR data.5 In a previous
work we had analyzed the kinetics of the Ac-AACAR5-
AAAAR10AAACR15A-NH2 peptide (abbreviated as AAAAR).10
One major difference between AAAAR and EAAAR is that
only the latter can form salt bridges, which in the fully R-helical
state involve the three pairs of side chains Glun-Argn+4 (n )
1, 6, and 11). Therefore, we focus here on the influence of the
sequence on the folding process. To also investigate the effect
of the temperature, MD simulations of EAAAR folding are
performed at 281 K (50 runs of 4 µs each) and at 330 K (50
runs of 0.5 µs each). The runs are started from pre-equilibrated
cis ensembles at each temperature. The folding process upon
ultrafast switching is emulated in the MD simulations by sudden
switch of the dihedral potential of the NdN bond in the middle
of the photoswitchable cross-linker. Two recently developed
analysis techniques are applied to shed light on the kinetics of
EAAAR folding and analyze its free-energy surface: The
network of the conformation space (CS) and kinetic grouping
analysis. The former is a very useful tool for the analysis and
illustration of the actual (unprojected) free-energy surface and
its dynamic connectivity7,9,11 while kinetic grouping analysis is
a recently introduced approach for identifying free-energy basins
in long MD simulations.12 Nonequilibrium MD simulations of
an 8-residue cyclized peptide immersed in dimethylsulfoxide
have been published recently13 but the focus of that work was
on the contributions to the frequency shift, while pathways and
kinetics of folding were not investigated.
The main motivation of the present MD study was to provide
the atomic-resolution picture needed to elucidate the effects
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of the sequence on the folding kinetics of R-helical peptides,
which has recently emerged from the time-resolved IR measure-
ments. In this respect, the following three questions are
particularly relevant: How do bulky side chains and (non-native)
salt bridges influence the kinetics of R-helix formation? Can
the simulation results be used to derive a simplified but
quantitative description of the free-energy surface and its
sequence dependence? Is it possible to use the atomic-resolution
picture obtained by the MD study to predict mutants with
different folding rates? The present work shows that the network
analysis of the MD simulations provide a description of the free-
energy surface of R-helix formation that not only captures the
complex folding behavior and sequence dependence but can also
be used to make suggestions for guiding experiments. In fact,
a mutant of EAAAR with three methionine side chains
(replacing three alanines) is predicted to fold slower on the basis
of the MD simulation results, and this prediction is validated a
posteriori by additional time-resolved IR measurements.
II. Methods
A. Simulation Methods and Protocols. Force Field and
Implicit SolWation Model. All simulations and most of the
analysis of the trajectories were performed with the program
CHARMM;14,15 the rest of the analysis was done with the
program WORDOM,16 which is particularly efficient in handling
large sets of trajectories. All heavy atoms were considered
explicitely as well as the hydrogen atoms bound to nitrogen or
oxygen atoms (PARAM19 force field). For the nonbonding
interactions the default cutoff of 7.5 Å was used to be consistent
with the parameters of the nonbonding energy terms of the force
field which were determined using this cutoff value. A mean
field approximation based on the solvent accessible surface area
was used to describe the main effects of the aqueous solvent.17
Parametrization of the Cross-Linker. The atom types for the
cross-linker atoms were derived from the PARAM19 amide
backbone and phenyl ring of Phe. For the double-bond of
the two nitrogen atoms between the rings of the photo-
switch the parameters for the dihedral angles were taken from
ref 18. The parameters for bonds, angles, and impropers were
derived per analogy with the corresponding proteinaceous frag-
ments in PARAM19. Before starting the production runs, short
MD simulations of the cross-linker alone were analyzed visually
and showed reasonable qualitative behavior, for example, limited
out-of-plane fluctuations of the N-acetylaniline moieties.
Dihedral Function. To emulate the photoswitching process
(i.e., isomerization of the C-NdN-C dihedral) the energy term
(black curve in Figure 1) was modified by removing the
minimum at θ ) 0° and using a force constant of 60 kcal/mol
to preserve the shape of the function from 90° to 180°
(red curve in Figure 1). The Langevin dynamics simulations of
folding were run with the modified dihedral term starting from
snapshots saved during equilibrium cis runs. The isomerization
took place within a few picoseconds.
REMD Simulations of the Peptide with Cross-Linker in the
Cis Conformation. The equilibrium ensemble of the peptide in
the cis conformation of the cross-linker was sampled by a replica
exchange MD (REMD)19 simulation of six replica at temperature
values of 281, 304, 330, 358, 388, and 420 K. Temperature
exchange attempts were performed every 20 ps (10000 MD
steps) as in previous implicit solvent REMD simulations of
helical and extended peptides,10,20 and the acceptance ratio
ranged between 0.27 and 0.33. Each replica was sampled for
18 and 27 µs for EAAAR and EMAAR, respectively. From
the 18 µs (27 µs) of REMD sampling at 281 K, 50 (100)
snapshots saved along time intervals of constant length were
selected as starting structures for the EAAAR (EMAAR) folding
runs at low temperature (see later and Table 1). The same
procedure was used to select, from simulations at 330 K, the
50 and 130 starting conformations of the folding runs at high
temperature of EAAAR and EMAAR, respectively.
MD Simulations of Folding. As in the time-resolved IR
experiments, in the MD simulations the folding process is
triggered by an ultrafast isomerization of the cross-linker within
a few picoseconds. Therefore, the MD runs closely mimic the
phototriggered R-helix formation. In a previous study we
simulated the folding of the AAAAR peptide.10 The same
protocol is used here for the folding runs of EAAAR and
EMAAR. At 281 K, 50 Langevin dynamics runs of 4 µs each
were started from the equilibrium cis conformation of the
EAAAR peptide previously sampled by REMD (see previous
and Table 1). For the EMAAR peptide 100 runs of 8 µs each
were performed at 281 K, and 130 runs of 0.5 µs each at 330
K. A friction coefficient of 1 ps-1 was used in all simulations.
This value is much smaller than the one of water (43 ps-1 at
330 K) to allow for sufficient sampling within the µs time scale
of the simulations. A time step of 2 fs was used and the
coordinates were saved every 20 ps for a total of 2 × 105
snapshots for each 4-µs run. A series of 100 4-µs runs requires
two months on a 100-CPU cluster (about 0.5 µs simulation time
per week on a single Opteron 2.4 GHz CPU). Using explicit
water simulations it would have been impossible to obtain the
1.0 ms of MD sampling (50 4-µs runs of EAAAR and 100 8-µs
runs of EMAAR) required to collect a statistically significant
number of folding transitions at low temperature, which is a
necessary condition for the present analysis.
Coarse-Graining. There are several ways for assigning
snapshots (i.e., coordinate sets) to coarse-grained conformations
(nodes and strings are used as synonyms in this paper) and
different types of analysis might require different coarse-graining
approaches.7,21 The coarse-graining used in this work is based
on secondary structure strings.22 A conformation is a single
string of secondary structure, for example, the most populated
Edihedral
N)N ) 21.6(1 + cos(2θ - 180)) + 4.36(1 + cos 4θ)
(1)
Edihedral,trans
N)N ) 60.0(1 + cos θ) + 4.36(1 + cos 2θ) (2)
Figure 1. Emulation of the photoswitching by change in the dihedral
energy term of the NdN bond. The dihedral energy term is EdihedralNdN )
K1(1 + cos(n1θ - δ1)) + K2(1 + cos(n2θ - δ2)).
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conformation of EAAAR with trans cross-linker is -H15-.
There are eight possible “letters” in the secondary structure
“alphabet”: “H”, “G”, “I”, “E”, “B”, “T”, “S”, and “-”, standing
for R helix, 310 helix, π helix, extended, isolated -bridge,
hydrogen-bonded turn, bend, and unstructured, respectively.
Since the N- and C-terminal residues are always assigned an
“-”,22 an N-acetylated 16-residue peptide can in principle
assume 815 = 1013 conformations. Note that the vast majority
of these conformations are sterically forbidden. The secondary
structure-based coarse-graining is appropriate for structured
peptides without loops and has three advantages with respect
to approaches based on root-mean-square deviation (rmsd) of
atomic coordinates. First, it does not require the use of an
arbitrarily chosen threshold value. Second, each node is uniquely
defined by its secondary structure string which is a useful
conformational “label”. Third, the same type of secondary
structure classification22 is used for coarse-graining and analysis
of structural properties (e.g., helical content in Figure 3).
CS Network. Conformations (i.e., secondary structure strings)
are nodes of the CS network and the direct transitions between
them are links.7 Given the number w˜ of snapshots with a unique
secondary structure string, the statistical weight w of a node is
equal to w ) w˜/N, where N is the total number of snapshots
sampled in the folding runs. At 281 K, the 20 ps saving
frequency and 50 4-µs folding runs yield N ) 107 for EAAAR.
The CS networks are illustrated using only nodes with w˜ g 50
to avoid overcrowding. Two nodes (in the CS network of
“heavy” nodes) are connected by a link if they either include a
pair of snapshots that are visited within 20 ps or they are
separated by one or more nodes with less than 50 snapshots
each. It is important to underline that the CS network of “heavy”
nodes is used solely for illustrative purposes, whereas all of
the quantitative analysis in this work, including kinetic grouping
and fitting of average number of helical residues, was performed
using the complete trajectory, that is, all snapshots and all nodes.
Kinetic Grouping Analysis. In long MD runs the complete
information about the native and non-native free energy basins is
present in the trajectory. Therefore, peptide conformations can be
grouped into free energy minima according to rapid transitions at
equilibrium. This approach, called kinetic grouping analysis, has
been developed previously and used to analyze the differences in
the free energy surface of a 20-residue three-stranded -sheet
peptide and its single-point mutant Trp10Val,12 both simulated at
folding-unfolding equilibrium. Kinetic grouping analysis is based
on the observation that if two conformations interconvert rapidly
they are not separated by a barrier and therefore belong to the same
basin. The method requires only one parameter, the commitment
time τcommit, which is a typical relaxation time within the basins of
the system. Different values of τcommit allow one to analyze different
levels of ruggedness of the free energy surface.12 Values of τcommit
ranging from 1 to 20 ns were tested in this study. The final analysis
was performed with τcommit ) 10 ns and τcommit ) 1 ns at 281 and
330 K, respectively, because these values allow for intrabasin
relaxation and are much shorter than the time required for interbasin
TABLE 1: Simulations Performed
folding runsa
equilibrium cis state sampled by REMD 281K 330K
no. runs lengthb [µs] no. runs length [µs] no. runs length [µs] ref
AAAAR 2 24 100 4 50 0.5 10
EAAAR 1 18 50 4 50 0.5 this work
EMAAR 3 27 100 8 130 0.5 this work
a An ensemble of snapshots, saved at time intervals of constant length along the REMD simulation segments at a given temperature, was
selected as starting structures for the folding runs at that temperature. b These values refer to individual replicas and not to the cumulative time
which is six times larger.
Figure 2. Folding of the cross-linked R-helical peptide EAAAR
involves rearrangements of charged side chains. (Left) Three snapshots
extracted from free-energy basins of the cis equilibrium simulations
show non-native salt bridges. (Right) The most populated conformation
with the cross-linker in the trans state is fully helical, and the three
native, i.e., n, n + 4, salt bridges are populated at about 50%.
Figure 3. Increase of helical content in the MD simulations of the
EAAAR peptide upon switching from the cis to the trans term of the
dihedral energy of the NdN bond in the cross-linker. Time series of
representative simulations are shown at 281 K (top and middle) and
330 K (bottom). The number of residues in stretches of R-helix, π-helix,
and 310-helix is in black, red, and green, respectively. The bottom time
series shows only the first 500 ns to better resolve the folding event in
the first 25 ns.
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transitions. The probability pcommit(i f j) to observe a transition
from node i to node j within a given τcommit is an asymmetric,
directed measure of the kinetic similarity of nodes i and j. Once
the pcommit-matrix has been calculated for highly populated nodes
(the 500 heaviest nodes in this work), pairs of nodes (i, j) are
grouped together if pcommit(i f j) g 0.5. Lighter nodes are then
assigned in a postprocessing step.12 This way of grouping leads to
a partitioning into disjoint sets, that is, a disconnected CS network,
whose subgraphs correspond to different basins. Although the
kinetic grouping analysis has been introduced to analyze long
equilibrium simulations, it can be also applied to nonequilibrium
simulations. In fact, since kinetic grouping analysis takes into
account only the rapid, local interconversion between conformations
within a basin, there is no requirement for global equilibrium
sampling. Therefore, also basins visited during kinetic simulations
can be isolated, provided that the system equilibrates locally.
B. Experimental Methods. The experimental setup for the
time-resolved measurements has been described previously.5,10,23
Figure 4. The CS network of the folding runs of EAAAR at 281 K shows multiple channels to the folded state (green nodes). Each node (i.e.,
conformation) of the network represents a secondary structure string and a link is a direct transition observed in the MD runs. The surface of each
node is proportional to its statistical weight and only the 2218 nodes with at least 50 snapshots (98.7% of the total sampling) are shown to avoid
overcrowding. Conformations sampled only in the folding runs and not in the trans equilibrium simulation are shown by white nodes with colored
rims. White diamonds indicate the starting points of 45 of the 50 folding runs while the remaining 5 runs reached directly the most populated node
and are not shown. The free-energy basins identified by kinetic grouping analysis12 are shown with different colors or symbols, and their characteristics
are listed in the table where folding times (τf) are average values for snapshots in the most populated node of individual basins (column Node) or
the entire basin (column Basin). Brown nodes were not assigned by kinetic grouping analysis. Representative structures of individual basins are
shown by flexible tubes of variable diameter reflecting conformational disorder, with R-helical segments in green, N-terminus in blue, and cysteine
side chains in yellow for emphasizing the position of the cross-linker. The CS network of the folding runs at 330 K is also shown (bottom right).
This figure was made using visone (www.visone.de) and MOLMOL.27
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Briefly, two electronically synchronized femtosecond laser
systems were used. The output of the one laser system was
frequency doubled to generate pump pulses at 420 nm which
switches the azobenzene from the cis to the trans state. The
output of the second laser system was used to pump an OPA to
obtain IR probe pulses (100 fs, center frequency 1620 cm-1,
bandwidth 240 cm-1 fwhm), that could continously be delayed
with respect to the pump-pulses from about 10 ps to 40 µs.
The probe pulses were frequency dispersed in a spectrometer
and imaged onto a 32 pixel HgCdTe detector array. A “folding
signal” was generated from the amide I band, which frequency-
shifts upon the strengthening of the backbone hydrogen bonds
in the helical state. The sample was circulated in a closed-cycle
flow cell optimized for small sample volumes. To prepare a
well-defined initial condition, unfolded peptides with the
azobenzene moiety in the cis-conformation were produced by
constantly illuminating the sample with an excess of light at
366 nm, generated either by a cw-Argon-ion laser or a high-
power LED.
III. Results and Discussion
The equilibrium cis and trans ensembles of the EAAAR
peptide are presented before the folding runs of which they
represent the initial and final states, respectively (Table 1).
A. Unfolded State (Cross-Linker in Cis Conformation)
of the EAAAR Peptide. In the equilibrium cis simulations, the
helicity (i.e., sum of residues in R-, 310- or π-helical conforma-
tion as measured by the program DSSP)22 of the EAAAR
peptide is about 65% at both temperature values. Different
conformations with partial helical content are observed but
predominant structures are not present. At 281 K, several free
energy basins are identified by kinetic grouping analysis and
Figure 5. The unfolded state of the EAAAR peptide is kinetically partitioned. Nodes are colored according to mean first passage times12 from the most
populated node (white square) of individual free-energy basins to all other nodes in the CS network. (Top and middle) Folding runs at 281 K. The time
scale ranges from 0 (yellow) to 4 µs (blue) except for the top, left network where the range is 0-1 µs. The 13th most populated node of the native basin
was used as “starting node” in the top, left network. Most nodes within the basin of the starting node are visited relatively fast (yellow), indicating rapid
intrabasin transitions and supporting the results of the kinetic grouping analysis (Figure 4). Visits to unfolded basins different from the starting one is much
slower (blue) than reaching the folded state (olive or yellow) which shows that the unfolded state is kinetically partitioned. In other words, the folded state
is a hub.7,12,23 (Bottom) Folding runs at 330 K. The time scale ranges from 0 (yellow) to 0.1 µs (blue).
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only three of them have a statistical weight larger than 10%.
The most populated basin (containing about one-quarter of the
snapshots) has an unstructured N-terminal segment and two
R-helical turns at the C-terminal segment. Individual basins have
homogeneous distributions of helical content and salt bridges.
In several basins non-native salt bridges are more frequent than
the three salt bridges between residues Glun and Argn+4 (with n
) 1, 6, and 11) termed natiVe salt bridges hereafter (Figure 2).
B. Helical State (Cross-Linker in Trans Conformation)
of the EAAAR Peptide. In the equilibrium trans simulations,
the helicity of the EAAAR peptide is about 90% and 80% at
281 and 330 K, respectively. These values can be compared
with the helicity measured by CD: 93% and 64% at 281 and
322 K, respectively.5 The agreement is good if one takes into
account the 10% error of the CD measurements. On the other
hand, the influence of the temperature is less pronounced in
the MD simulations which is due mainly to the lack of explicit
temperature-dependence in the solvation model. Therefore,
in the comparison with the experiments we focus on qualitative
trends rather than the quantitative comparison of absolute values.
The fully R-helical structure (secondary structure string
-H15-) is the most populated conformation (i.e., node) in the
trans state of the EAAAR peptide with a statistical weight of
38% and 29% at 281 and 330 K, respectively. The corresponding
free-energy basin has a population of about 90% at 281 K. In
the fully R-helical state, the three native salt bridges are formed
about 25-55% and 20-45% of the time at 281 and 330 K,
respectively, while non-native salt bridges are sporadic (Sup-
porting Information). Therefore, the main differences between
the equilibrium cis and trans ensembles are that the former has
a significantly less pronounced helical content and a much higher
frequency of non-native salt bridges.
C. Folding Kinetics and Complexity of Free-Energy
Surface of the EAAAR Peptide. At each temperature value,
50 snapshots saved with constant frequency along the corre-
sponding equilibrium cis simulation were used as starting
conformations for the kinetic runs (see Methods and Table 1).
The time series of the helical content during the 281 K runs
show that the folding transition takes place after time intervals
of different length (Figure 3). Furthermore, folding at 330 K is
much faster than at 281 K.
CS Network Analysis ReWeals Kinetic Partitioning. The
network representation of the folding runs at 281 K shows the
presence of multiple folding channels and time scales (Figure
4). Seventeen of the 50 folding runs start from the free-energy
basin with unfolded N-terminal segment (blue region in Figure
4). The slowest folding channel starts from a free-energy basin
with R-helical N-terminal segment and residues 7-16 unstruc-
tured (cyan basin). It is useful to color the CS network of the
folding runs according to values of mean first passage time
(mpft) from individual free-energy basins (Figure 5, top).
Folding from the non-native basins proceeds directly to the fully
helical state without passing through other basins. The barriers
between individual free energy basins in the unfolded state and
the fully helical state are lower than barriers within the unfolded
state. The observation of kinetic partitioning of the unfolded
state by kinetic grouping analysis provides further evidence to
the fact that the native basin of EAAAR acts as a hub.7,12,23
Such centrality of the native state has a significant influence on
the folding kinetics and their complexity at low temperature
(see also subsection Kinetic Models and Fitting of Helical
Traces . These simulation results are consistent with recent
experimental reports on competing folding routes and kinetic
partitioning in ubiquitin24 and the DNA-binding domain of p53.25
Importantly, the present results provide evidence that folding
pathways depend crucially on the unfolded state, that is, the
starting ensemble. Therefore, in vitro folding experiments under
strongly unfolding conditions (e.g., high concentration of
chemical denaturants) do not necessarily give insights into the
folding process under physiological conditions.
The CS network at 330 K consists of only the blue, red, and
green (i.e., folded) basins (inset of Figure 4). Moreover, the
unfolded state is kinetically partitioned (Figure 5, bottom), and
the folding barriers are small and of similar height. The
significant differences in folding kinetics at 281 and 330 K are
indicative of the complexity of the system and the role of the
entropy. Note that the implicit solvation model used in the MD
simulations does not have an explicit temperature dependence
so that only qualitative conclusions on temperature effects are
possible.
Salt Bridges. As mentioned above, the EAAAR peptide has
Glu and Arg side chains at positions n and n + 4, respectively,
along the sequence. Strikingly, the stability of non-native salt
bridges correlates with the length of the characteristic folding
Figure 6. Salt bridge frequencies in individual free-energy basins of
folding runs of the EAAAR peptide at 281 K. Values for entire basin
and most populated node are displayed by filled and hatched bars,
respectively. Colors correspond to those used in Figure 4.
Figure 7. Kinetic traces of folding of the EAAAR peptide from MD
simulations at 281 (circles) and 330 K (squares). The four-exponential
fitting curve at 281 K [14.2 - 0.8 exp(-x/1) - 1.4 exp(-x/67) - 1.4
exp(-x/755) - 0.2 exp(-x/1770), 2 ) 3.3] is colored according to
the folding “channels” identified by kinetic grouping and CS network
analyses, i.e., as in Figure 4, and arrows denote the four time constants.
The stretched-exponential fitting of the data at 281 K [14.3 - 3.9
exp(-x/185)0.40, 2 ) 3.5], and the single-exponential fitting of the
data at 330 K [13.9 - 4.0 exp(-x/11), 2 ) 1.9] are shown by black
solid lines. Error bars are not shown for the data points at 330 K to
avoid overcrowding and because the single-exponential fitting curve
is always within the error bars.
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times of the different channels (compare Figure 6 with Figure
4). In particular, the slowest channel, that is, folding from the
cyan basin, is characterized by the stability of the non-native
salt bridges Glu6-Arg5 and Glu6-Arg15, and two other slow
channels by the presence of the salt bridges Glu1-Arg10 (yellow
basin) and Glu11-Arg5 (blue basin). Moreover, visual analysis
of some of the 281 K folding runs indicate that rearrange-
ment of charged side chains is hindered by the presence of the
atoms of the cross-linker. In this context, it is interesting to
note that the Asp14Ala mutant of the five-helix bundle protein
λ6-85 was observed experimentally to fold faster than the wild-
type4 which is probably a consequence of the involvement of
the wild-type Asp14 side chain in non-native salt bridges in
the denatured state.
Kinetic Models and Fitting of Helical Traces. It is interesting
to monitor the average number of helical residues during the
folding process and compare it to the time-resolved IR
spectroscopy data. At 330 K, the MD kinetic trace can be fitted
by a single exponential (Figure 7). On the other hand, single-
exponential fitting is not appropriate at 281 K, and the data are
best fitted by a multiple exponential fit or a stretched exponen-
tial. While the latter is in agreement with the time-resolved IR
spectroscopy data,5 the multiple exponential fit is consistent with
the CS network, which shows multiple channels connecting
individual unfolded basins to a hub-like helical state (Figure 4)
and kinetic partitioning of the unfolded state (Figure 5).
Stretched exponential fitting is often preferred to multiexpo-
nential fitting because the former requires only two parameters
(a time constant and a power of the stretching exponent) while
the latter needs two parameters for each exponential term. On
the other hand, if it is possible to relate the multiexponential
behavior to a specific model, like the CS network of EAAAR
at 281 K, then valuable insight into the folding process is
obtained. Another interesting example of multiexponential fitting
is the simple kinetic model used to describe the folding of
ubiquitin.26
D. Validation of the Atomistic Picture by Prediction of a
Mutant Peptide. The time series of helical content during folding
of the EAAAR and AAAAR peptides can be fitted by a stretched
exponential at 281 K (Figure 8b) with time constants of 200 ( 50
and 30 ( 2 ns, respectively. As shown in Figure 2, the folded
(i.e., fully helical) state has a unique arrangement of the Glu and
Arg side chains and their orientation with respect to the cross-
linker. Since the unfolded state consists of basins with non-native
salt bridges, the slower folding of the EAAAR peptide with respect
to AAAAR is mainly due to rearrangement of salt bridge pairing
and entanglement of bulky side chains with the cross-linker. For
this reason, we thought that a mutant with additional “long” side
chains would show slower kinetics of folding, and therefore we
decided to investigate a peptide with three additional Met side
chains, Ac-EMCAR5EMAAR10EMACR15Q-NH2 (EMAAR pep-
tide). One-hundred 8-µs simulations of folding of EMAAR from
the equilibrium cis ensemble at 281 K confirmed our prediction
(Figure 8b). In particular, the fitting of helical content by a stretched
exponential yields a time constant of 650 ( 75 ns, which is slower
than those of EAAAR and AAAAR. Note that the slower folding
of EMAAR is not due to interactions between Met side chains,
because the π-helical arrangment, which would bring the n, n + 5
side chain pairs in close contact, is sporadic (Supporting Informa-
tion).
To obtain an experimental validation of our prediction and
the MD results, the three-point mutant EMAAR was syn-
thesized (with exactly the same cross-linker as in AAAAR
and EAAAR) and its photoswitched folding was investigated
by time-resolved IR spectroscopy. At 281 K the folding of
EMAAR is slower than EAAAR according to the IR traces
in agreement with the MD simulation results (Figure 8a,b).
The folding rates obtained by stretched-exponential fitting
of the IR kinetic traces at 281 K are 4600 ns, 2500 ns, and
1300 ns for EMAAR (this study), EAAAR (ref 5), and
AAAAR (ref 23), respectively. Note that at high temperature
the kinetics are much faster and single exponential according
to both MD simulations and time-resolved IR spectroscopy
traces (Figure 8c,d). Furthermore, the rank-order of the time
constants is the same as at 281 K in both simulations and
experiments except for the AAAAR and EAAAR peptides
that have essentially identical kinetic traces at high temper-
ature in the experiments. In conclusion, the EMAAR mutant
Figure 8. Comparison of normalized kinetic traces measured by time-resolved IR spectroscopy (a and c) and helical content, i.e., normalized
number of residues in R, π, or 310 conformation, along the MD simulations (b and d). Circles, squares, and triangles are used for AAAAR, EAAAR,
and EMAAR, respectively. The fitting curve at 281 and 330 K is a stretched exponential (a and b) and a single exponential (c and d), respectively.
The stretching factors at 281 K are in the range 0.4-0.5 and 0.7-0.8 for the MD and IR data, respectively. This discrepancy originates from the
overestimation of the intrinsic barriers in the MD simulations, as previously observed in the large spread of folding rates of individual residues.10
This overestimation is due in part to the predominance of intrasolute friction in the Langevin dynamics with implicit solvent and small friction
coefficient (see Methods). Experimental data for AAAAR and EAAAR (a and c) are adapted from refs 5, 23.
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was designed on the basis of the MD analysis of the AAAAR
and EAAAR peptides to further investigate the mechanism
of folding and the role of the sequence. Notably, the time-
resolved IR data on the cross-linked R-helical peptides are
consistent with and can be interpreted by the detailed picture
that has emerged from the atomistic simulations.
IV. Conclusions
Multiple MD simulations of the folding of the cross-linked
helical peptide EAAAR have been performed to shed light
on pathways and kinetics, with the aim of obtaining a detailed
(i.e., atomistic) interpretation of the available time-resolved
IR spectroscopy data. The cross-linker restricts the accessible
conformational space. Yet, the following three observations
provide strong evidence that (a large part of) the complexity
of protein folding is still present. First, with respect to an
unlinked peptide, folding of the cross-linked peptide might
resemble more the structuring of a protein segment in the
context of the remaining of the polypeptide chain.10 Second,
there is a significant dependence of the folding kinetics on
the temperature in both MD simulations and time-resolved
IR spectroscopy measurements. Third and most importantly,
different sequences show different folding rates indicating
that the primary structure has a strong influence on the free-
energy surface.
Previous MD simulations have shed light on the complex
kinetics of folding of the cross-linked AAAAR peptide,10 which
in contrast to EAAAR cannot form salt bridges. The multiple
folding routes and kinetic partitioning of the unfolded state,
which were both revealed by the CS network and kinetic
grouping analyses, suggested that the kinetics of helix folding
are determined by the exiting rate(s) from traps rather than
nucleation of the first helical turn. At low temperature different
barrier heights were observed for different folding channels,
which explained the multiexponential kinetics. The role of the
side chains was not investigated.
Here, the folding kinetics of the cross-linked EAAAR peptide
and their temperature dependence observed in the MD runs are
not only consistent with the time-resolved IR spectroscopy data5
but provide atomic detail explanations of the complex kinetics.
In particular, analysis of MD simulations unmasks the important
role of bulky side chains and non-native salt bridges. The
charged side chains involved in non-native contacts in the
unfolded state have to rearrange because in the fully R-helical
state only the three salt bridges between residues Glun and
Argn+4 are stable. This rearrangement is hindered by the
presence of the cross-linker. On the basis of this observation it
was predicted that the EMAAR mutant, which has three
additional Met side chains, should fold even slower than the
EAAAR peptide. This prediction was substantiated by a
comparison of the MD simulations of EAAAR and EMAAR,
and validated experimentally.
In conclusion, a detailed picture of the folding mechanism
has emerged from the MD simulations of cross-linked R-helical
peptides and has been used to interpret the kinetic traces
measured experimentally. The combined MD simulation and
time-resolved IR spectroscopy study of the three peptides
indicates that non-native interactions among the charged side
chains and entanglement of bulky side chains with the cross-
linker are responsible for the stretched exponential kinetics at
low temperature and rank order of folding rates (AAAAR faster
than EAAAR faster than EMAAR). Note that the cross-linked
peptides used in the present study represent the situation of a
helical segment inside a protein because the cross-linker reduces
the backbone flexibility, and the interactions between the side
chains and the cross-linker reflect the tertiary contacts between
the helical segment and other parts of the protein, respectively.
Since the three peptides AAAAR, EAAAR, and EMAAR have
the same cross-linker, the “tertiary contacts” have a stronger
influence on the folding kinetics than the reduced backbone
flexibility.
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Bulky side chains and non-native salt bridges slow down the
folding of a cross-linked helical peptide: A combined molecular
dynamics and time-resolved infrared spectroscopy study
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Native and non-native salt bridges
281K 330K
Cis Trans Cis Trans
Native salt-bridges
Glu1-Arg5 20 26 14 20
Glu6-Arg10 39 34 30 35
Glu11-Arg15 56 55 37 45
Non-native salt-bridges
Glu1-Arg10 22.0 3.5 10.9 2.7
Glu1-Arg15 7.2 0.3 6.2 0.5
Glu6-Arg5 12.5 6.3 10.1 5.8
Glu6-Arg15 15.2 0.5 8.7 0.9
Glu11-Arg5 8.3 0.5 6.5 0.7
Glu11-Arg10 10.6 9.1 8.5 0.9
TABLE S-I: Percentages of native and non-native salt bridges during the REMD equilibrium runs
of EAAAR peptide at 281 K and 330 K. The cutoff for salt-bridges formation is 6A˚ between atom
CD of Glu and atom CZ of Arg.
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Conformational space network of EAAAR at 330K
FIG. S1: The CS network of the EAAAR folding runs at 330K. The basins isolated by kinetic
grouping analysis1 with τcommit=1 ns are shown in different colors as indicated in Table S-II. The
surface of each node is proportional to its statistical weight and only the 1200 nodes with at least
100 snapshots (i.e. 97.7% of the total sampling) are shown to avoid overcrowding. White diamonds
indicate the starting points of 46/50 folding runs while the remaining 4 runs reached directly the
most populated node and are not shown. Empty circles represent nodes that are not visited during
the Trans equilibrium simulation.
Most populated node Percentage τf (ns) Helical content in basins
in individual basins of unfolded Node Basin H H+G+I color
-HHHHHHHHHHHHHHH- – – 0.4 13.3 ± 2.7 14.4 ± 2.6 green circles
--SSHHHHHHHHHHHH- 21 17 16 11.1 ± 2.5 11.7 ± 2.3 green squares
-HHHHHHHII-IIIII- 42 10 9 8.8 ± 2.8 12.4 ± 2.7 red circles
--HHHHHHT---HHHH- 1 30 26 8.2 ± 2.9 8.9 ± 3.2 red squares
--SSS-HHHHHHHHHH- 21 25 18 8.1 ± 2.3 9.8 ± 1.9 blue circles
-------HHHHHHHHH- 14 25 19 7.6 ± 2.2 8.8 ± 2.2 blue squares
TABLE S-II: Results of kinetic grouping analysis1 for the folding runs with τcommit=1 ns. The
colors indicated in the last column are those used in Fig. S1.
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Met-Met interactions in EMAAR peptide
FIG. S2: Met-Met distance ditribution of EMAAR peptide in equilibrium REMD simulations (top
and central panels) and kinetic runs at 281 K (bottom panel). The typical pi-helical arrangment,
with interactions between n, n+ 5 side chain pairs, is sporadic.
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Abstract
The formation of α-helices is one of the fundamental processes in protein folding. The folding of
helical peptides can be triggered by using model peptides with a built-in photoswitchable cross-
linker. Three cross-linked peptides with different amount of bulky side chains were investigated
previously by experimental and computational approaches. Free energy profiles combined with
root mean square deviation clustering of the MD conformations revealed that the helical ensemble
of the cross-linked peptides is divided by a free-energy barrier into two regions having Arg10 on
the right and left side with respect to the cross-linker. Moreover, the right to left transition (and
viceversa) is hindered by the presence of the bulky cross-linker. To investigate the effect of the
cross-linker we replaced it with a distance constraint mimicking the effect of a “non-bulky” cross-
linker and eventually removed it. When the space previously occupied by the cross-linker is made
free either by replacing or removing the cross-linker, the folding kinetics become faster and simpler
compared to the cross-linked case. This indicates that the main effect of the cross-linker on the
overall kinetics is due to its entanglement with the side chains rather that its effect as a distance
constraining.
Keywords: molecular dynamics, distance constraint, stretched-exponential kinetics, free-energy profiles
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I. INTRODUCTION
Because the helix is a common secondary structural motif in proteins, it is important
to understand the folding process of the α-helix in detail as a step to understand the pro-
tein folding mechanism. A well-established way of studying physico-chemical properties of
an α-helix is to use model peptides with enhanced helix-propensity1. In the last years,
the employment of peptides with an attached azobenzene moiety acting as a photoswitch-
able constraint has been established as an efficient experimental tool to control the helix
stability2,3 and to trigger folding4,5. Two cysteines are cross-linked in such a way that the
azo-moiety in the trans (cis) conformation stabilizes (destabilizes) the helix. Moreover,
the cis → trans isomerization of the cross-linker is used to initiate the folding process and
folding can be observed as the dominant kinetic contribution. In recent works4–7, three
peptides, whose sequences are Ac-EACAR5EAAAR10EAACR15Q-NH2 (hereafter noted as
EAAAR), Ac-AACAR5AAAAR10AAACR15A-NH2 (hereafter noted as AAAAR) and, Ac-
EMCAR5EMAAR10EMACR15Q-NH2 (hereafter noted as EMAAR) were employed to tackle
the complexity of the folding process from both experimental and computational side. The
combined MD simulations and time-resolved IR spectroscopy study of the three peptides7
showed that the stretched exponential kinetics observed at 281 K and the rank order of
folding rates (AAAAR faster that EAAAR faster than EMAAR) is due to the combined
effect of non-native interactions among the charged side chains and entanglement of bulky
side chains with the cross-linker. Nevertheless, the role of side chains was not investigated
in previous works. To achieve this task, we investigated in detail the projected free-energy
surface of the helical ensemble. The common way to investigate the free-energy surface is
to display it as a function of a small number of order parameters as the number of native
contacts8. The main disadvantage of this commonly used projections is the possibility of
hiding essential information concerning the free-energy surface9. Recently, it was introduced
a new progress coordinate which is able to preserve barriers and minima in the order they
are met during folding/unfolding events10,11. It uses the normalized partition function of a
given region as the progress coordinate and determines the free-energy barriers as a func-
tion of the coordinate. Root mean square deviation (RMSD) was used to coarse-grain the
conformations visited during the simulations. The advantage with respect to secondary
structure coarse-graining used so far6,7 is that RMSD coarse-graining takes into account dif-
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ferent side chain configurations. The result is a one-dimensional projected free-energy profile
(cFEP, standing for cut-based free-energy profile, see Section IVC) which was particularly
effective to describe the free-energy basins arising from different side chain configurations.
To investigate the effect of the entanglement between the bulky cross-linker and the side
chains, we studied the folding of the α-helical peptides replacing the cross-linker with a
distance constraint which mimics the effect of a “non-bulky” cross-linker as well as without
the cross-linker (free-system). It is worth to mention the novelty of our approach. In fact,
the substitution of the cross-linker by a distance constraint, possible only in the context
of simulations, allows us to investigate an intermediate situation in which we remove the
entanglement between the cross-linker and the side chains without eliminating the action
of the cross-linker as a distance constraint. This property is fundamental to control helix
stability and to trigger folding and it was the reason for the design of photoswitchable pep-
tides. Additionally, the employment of peptides with a different number of side chains was
helpful to quantify the extent of the entanglement and to compare with the cross-linked case
studied previously7.
II. RESULTS AND DISCUSSION
A. mfpt-based cFEP
The equilibrium ensemble of the peptides in the cis and trans conformation of the cross-
linker was sampled by REMD. An ensemble of snapshots, saved at time intervals of constant
length along the cis equilibrium simulations at 281 K, was selected as starting structures for
the folding runs and used for each condition (cross-linked, constrained, and free) for sake of
comparison.
Visual analysis of some of the 281 K equilibrium and folding runs indicates that the
rearrangement of bulky side chains (especially Arg) is hindered by the presence of the cross-
linker (Fig. 1). This happens for all the sequences investigated independently from the
number of bulky side chains. In particular, we observed that in the helical state (i.e., -H15-
secondary structure string12) the Arg in position 10 can adopt two different orientations with
respect to the cross-linker: the first has Arg10 on the right side (R-conformation, Fig. 1 left
panels) whereas the second has Arg10 on the left side (L-conformation, Fig. 1 right panels).
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The cut-based free energy profile (cFEP, see Methods and Ref.11) for the helical ensemble
(i.e., with the cross-linker in the trans conformation) sampled by REMD segments at 281 K
is the projection of the free energy on the relative partition function ZA/Z, a progress
coordinate that increases monotonically with the distance from the reference state10. The
side chain RMSD clusters were defined as described in Section IVC. The cutoff values chosen
to distinguish the two orientations of Arg10 are 2.0A˚ for AAAAR and 2.5A˚ for EAAAR and
EMAAR. For the equilibrium runs in the trans configuration of the cross-linker the number
of clusters found with the aforementioned RMSD cutoffs is 2617 for AAAAR, 2366 for
EAAAR, and 2513 for EMAAR. The heaviest cluster has R-configuration of Arg10, and
was used as the target for cFEPs calculation. The ten most populated secondary structure
strings of the heaviest cluster with R- and L-configurations are reported in Supp. Mat.
(Table S-II and Table S-III). In the cFEP of each peptide we observe a free energy barrier
separating R- from L-configuration (Fig. 2). The height of the barrier is about 2 kcal/mol
for all peptides. Different atom selections for RMSD clustering show that Arg10 is the main
responsible of the barrier. In fact, the RMSD clustering made on all side chains, only on
the arginines, and only on Arg10 show similar profiles with similar barrier height, whereas
the clustering made on arginines but Arg10 shows a smaller barrier (Fig. 3). Moreover,
the barrier moves towards smaller values of ZA/Z on going from AAAAR to EMAAR,
indicating that the relative weight of the L-configurations increases when the number of
side chains increases. To accomplish the R- to L- transition and viceversa the helical state
has to partially unfold in the middle part because of the entanglement with the cross-linker
(tubular structures at the top of the barriers in Fig. 2). To investigate the effect of the
cross-linker on the kinetics new folding runs were performed both replacing the cross-linker
with a distance constraint and eventually removing it (see Section IIB). The observation
of a barrier separating two states having the same secondary structure string but different
side chain configurations suggests that the definition of the native state using secondary
structure coarse graining is not correct. In fact, the string -H15- represents only a part of
the native state as conformations labeled as -H14--, -H13I2-, etc. belong also to the heaviest
(i.e., native) RMSD-cluster (see Supp. Mat. Table S-II) and moreover, only -H15- strings
with R-configuration should be considered (Fig. 4). They are separated from conformations
having L-configuration by a free-energy barrier which was not detectable by using secondary
structure coarse-graining.
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B. Folding kinetics in the presence of a distance constrains and for the free system
The observation that different side chain configurations are hindered by the presence
of the cross-linker, suggested the study of the folding process for free and for constrained
systems. The latter is the main new element of the present study: by exploiting MD, we can
mimic the effect of “non-bulky” cross-linker by replacing it with a distance constraint. It
is interesting to monitor, for all peptides, the normalized number of helical residues during
the folding process (Fig. 5). Data were fitted using a stretched-exponential function. In
the presence of the cross-linker, the folding time τ strongly increases as the number of side
chains increases on going from AAAAR to EAAAR to EMAAR. The stretching factor β is
between 0.40 and 0.50 indicating the complexity of the system. As observed in a previous
work7, this complexity arises from the presence of multiple folding channels with different
time scales originating from the kinetic partitioning of the unfolded state (i.e. the starting
conformations for the kinetic runs act as kinetic traps that are rate-determining). When the
cross-linker is substituted with a distance constraint, mimicking the effect of a ”non-bulky“
cross-linker and subsequently removed (free system), the folding kinetics becomes faster
(lower τ) and simpler (higher β). The folding runs with the distance constraint represent
an intermediate case in which we still observe a complex kinetics, indicated by a stretched-
exponential behavior (though with a higher stretching factor ranging from 0.55 to 0.76). The
rank order of the folding times observed in previous works6,7 in the presence of the cross-linker
(AAAAR faster than EAAAR faster than EMAAR) is retained also in the presence of the
distance constraint, but the folding times are much smaller (about one order of magnitude)
and similar to those obtained for free systems indicating that the increased number of side
chains still slows down the kinetic, but to a smaller extent compared to the cross-linked case.
The ratio of folding times between cross-linked and constrained peptides is 7 for AAAAR,
13 for EAAAR, and 38 for EMAAR. As we can expect, the entanglement between the cross-
linker and the side chains is more pronounced for the peptide with more side chains. At the
end, when the linker is totally removed, the kinetics approach, for AAAAR and EAAAR,
a single-exponential behavior (as indicated by the increased stretching factors), whereas a
significant stretching factor is still observed for EMAAR. For this peptide it seems that an
additional effect due to self-entanglement (i.e., between side chains) should be considered.
In conclusion, the remotion of the entanglement between the side chains and the cross-linker,
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by substituting it with a distance constraint, makes the folding kinetics as fast as for the
free-system, indicating that the cross-linker has negligible effect on the overall kinetics and
its main effect is due to the interplay with the side chains rather than the constraint it
represents for the peptide.
III. CONCLUSIONS
The folding kinetics of cross-linked helical peptides have been previously studied by exper-
iments and simulations4–7. It has been already observed that the folding of the cross-linked
peptides might resemble more the situation of a helical segment inside a protein where the
cross-linker has a twofold effect: it reduces the backbone flexibility and it reflects the ter-
tiary contacts between the helical segment and the rest of the polypeptide chain6,7. Here
we analyzed in detail the MD ensemble of the helical conformations by projecting its free-
energy surface on a new progress coordinate that preserves barriers and minima10,11. The
resulting cFEPs showed, for each peptide investigated, a barrier arising from two different
orientations of Arg10 with respect to the cross-linker. The role of other side chains is of
minor importance. Moreover, the novelty of our approach consists decoupling the twofold
effects of the cross-linker on backbone and side chains possible only in the context of MD
simulations. In fact, non-bulky cross-linker is emulated by substituting it with a distance
constraint, which mimics only the influence of the cross-linker on the backbone. An indica-
tion of the effect of the cross-linker on the kinetics of the folding process is the observation
of a crossover from a slower, stretched exponential kinetics in the presence of the cross-linker
towards a faster, single-exponential kinetics when the linker occupies no space, i.e., when it
is replaced by a distance constraint or removed. Moreover, the longer the side chains, the
slower is the kinetics, since the side chains show entanglement also among each other.
IV. METHODS
A. Molecular dynamics simulations
Force field and implicit solvation model. All simulations and most of the analysis of
the trajectories were performed with the program CHARMM13; the rest of the analysis was
done with the program WORDOM14, which is particularly efficient in handling large sets
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of trajectories. All heavy atoms were considered explicitly as well as the hydrogen atoms
bound to nitrogen or oxygen atoms (PARAM19 force field). The default cutoff of 7.5 A˚
was used for the nonbonding interactions. A mean field approximation based on the solvent
accessible surface area was used to describe the main effects of the aqueous solvent15. This
choice is justified by the fact that using explicit water simulations it is not possible to sample
a statistically significant ensemble for the kinetic runs.
Substitution of the cross-linker with a constraint. To mimic the effect of a non-bulky
cross-linker, we employed a harmonic function (i.e., an elastic interaction with no molecular
counterpart) between the sulfur atoms (S) of the cysteine residues, at the same position
where the cross-linker was previously attached. The distance constraint was modeled to
emulate and maintain the typical S-S distance observed when the cross-linker is in trans
conformation (Fig. 6, bottom panel, black curve). In this case the average S-S distance is






Kmin(R−Rmin)2 R < Rmin
0 Rmin < R < Rmax
1
2
Kmax(R− Rmax)2 R > Rmax
(1)
where Kmin = Kmax = K are the harmonic force constants, Rmin and Rmax are the mini-
mum and maximum values of the interval where the function E(R) vanishes. Several tests
(see Supp. Mat. Fig. S1 and Table S-I) using different K values indicated that the best
agreement with the trans S-S distance distribution is obtained using Rmax-Rmin=1A˚ and
K=2.5 kcal/mol A˚2 (Fig. 6, top panel, red curve).
REMD simulations of the peptide with cross-linker in the cis/trans conforma-
tion. The equilibrium ensemble of the peptide in the cis conformation of the cross-linker
was sampled by a replica exchange MD (REMD)16 simulation of six replica at temperature
values of 281, 304, 330, 358, 388, and 420 K (see Table I). Upon merging the REMD simu-
lation segments at 281 K, the same snapshots (50/100 for AAAAR and EMAAR and 50/50
for EAAAR) previously used for the folding runs of the cross-linked peptides6,7 were selected
as starting structures for the folding runs of the constrained and free systems. The equilib-
rium ensemble of the peptide in the trans conformation of the cross-linker was sampled by
REMD simulations with the same number of replicas and temperature values used for the
cis equilibrium REMD simulations (see Table I).
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MD simulations of folding. Previously we simulated the folding of the cross-linked
AAAAR (Ref.6), EAAAR (Ref.7), and EMAAR (Ref.7) peptides. The same protocol is used
here for the folding runs in the presence of the constraint and for the free system. For
constrained and free systems we employed the same starting snapshots of the cross-linked
case. This starting ensemble is representative of the equilibrium simulations with the cross-
linker in the cis conformation, which is taken as the ”reference“ system. The number of the
performed kinetic runs and their time-length is reported in Table II. A friction coefficient of
1 ps−1 was used in all simulations to allow for sufficient sampling within the µs time scale
of the simulations. A time step of 2 fs was used and the coordinates were saved every 20 ps
for a total of 2× 105 snapshots for each 4-µs run.
B. Coarse-graining
A molecular dynamics trajectory is nothing but a long series of microscopic configurations
visited only once. For this reason the analysis of the system needs a coarse graining of the
trajectory that allows the grouping/clustering of similar snapshots/configurations. There
are several procedures to efficiently achieve coarse graining and different types of analysis
might require different coarse-graining approaches. For a structured peptide like α-helical
peptides, root mean square deviation (RMSD) and secondary structural coarse-graining are
obvious possibilities17–19. The coarse-graining used in this work is based on the side chains
RMSD20 and uses the leader algorithm in the version implemented by S. Krivov11. One
advantage of RMSD clustering with respect to secondary structural coarse-graining is that
side chain atoms are taken into account in the former but not in the latter. This allows us
to investigate in detail the role of the entanglement of the side chains with the cross-linker
on the folding process. Moreover, secondary structure-based coarse-graining has a higher
tendency to group kinetically distant snapshots (i.e., snapshots in microstates separated by
a high free-energy barrier11) because conformations having the same secondary structure
string can be separated by a barrier. As an example we can consider the top panel of Fig.1,
where both conformations have fully formed α-helical structure, but side chain configurations
are different. According to secondary structure coarse-graining these snapshots should be
grouped together, whereas according to RMSD they belong to different clusters which are
separated by a free-energy barrier. In other words, the RMSD-based clustering yields less
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spurious transitions11 between microstates that are not directly connected. On the other
hand, in the secondary structure-based coarse-graining each node is uniquely defined by its
secondary structure string, which is a useful conformational ”label”. According to the DSSP
program12 each residue of a protein can be either of eight symbols - (coil), E (extended strand
in a β ladder), S (bend), T (hydrogen bonded turn), B (residue in an isolated β-bridge), G
(310-helix), H (α-helix), I (pi-helix). The most populated structure for each studied peptide
is -H15-.
C. Cut-based Free Energy Profiles (cFEP)
A progress coordinate that preserves the barriers and minima in the order that they are
met during folding/unfolding events was introduced by Krivov and Karplus10. It uses the
relative partition function as the progress coordinate and determines the free energy barriers
as a function of the coordinate by a method based on the folding probability, pfold. The
procedure gives almost identical results if pfold is replaced by the mean first passage time
(mfpt) to a selected node11, which is used in the present work and briefly presented in what
follows.
Given a network, the partition function of each node is given by Zi =
∑
i cij , where
cij is the edge capacity from node j to node i which is proportional to the number of
direct transitions from j to i. When the nodes are partitioned into two groups A and
B according to the minimum cut procedure10, then ZA =
∑





i∈A,j∈B cij, where ZA is the partition function of the region A, ZB is the partition
function of the region B, and ZAB is the partition function of the cutting surface (i.e., of
the barrier) that divides the cFEP into A and B. Thus, the free-energy of the barrier can
be written as ∆G = −kT ln(ZAB). It is possible to isolate all the basins and barriers by
iterative determinations of the minimum-cuts between all pair of nodes. In practice, to
calculate the cFEP using the mfpt as progress coordinate, the nodes are sorted according
to their mfpt value. For any mfptc between 0 and mfptMAX a point [ZA/Z,−kT ln(ZAB/Z)]
on the cFEP can be calculated, where A is the set of all nodes with mfpti < mfptc and B
the set of nodes with mfpti > mfptc (a schematic illustration is presented in Supp. Mat.,
Fig. S2).
The combination of the cFEP with a RMSD coarse-graining was particularly effective to
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capture the difference between R- and L-configurations of Arg10. Compared with secondary
structure coarse-graining used in previous works6,7, RMSD coarse-graining has the main
advantage that it takes into account side chain conformations. This feature allows us to
study the R- to L-configuration transition mechanism. Furthermore, it does not group
together conformations that are far from each other in configuration space (i.e., distant in
terms of RMSD) simply because they have the same secondary structure string. RMSD
clusters were defined as follows: firstly, the conformations sampled by molecular dynamics
were superimposed considering only the Cα atoms and secondly, side chain atoms were used
to group superimposed conformations into clusters having a side chain RMSD value below
a chosen threshold. The Cα-atoms superimposition is justified because we are considering
the helical ensemble (i.e., composed of similar structures without bending in the chain).
It reduces the number of atoms needed in the latter part of the calculation, reducing the
computational time (RMSD is a pairwise measurement). At the end, secondary structure
strings are used to ”label“ the obtained clusters.
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FIG. 1: The two orientations of Arg10 in the equilibrium trans simulations. Upon vertical align-
ment with N-terminus (black spheres) on top the R-configuration has Arg10 on the right side with
respect to the cross-linker (left column) while the L-configuration has Arg10 on the left side (right
column). The R- to L- transition (and viceversa) is hindered by the presence of the cross-linker.
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FIG. 2: The cFEP shows a free-energy barrier separating RMSD clusters with R-configuration of
Arg10 from clusters with L-configuration. The height of the barrier is about 2 kcal/mol and it
moves towards smaller values of the progress coordinate ZA/Z on going from AAAAR to EAAAR
to EMAAR. The representative structures, made with MOLMOL21 are shown with flexible tubes
of variable diameter reflecting the conformational disorder. The structures on the left side of the
barriers have R-conformation of Arg10, whereas structures on the right side have L-configuration.
The structures on the top of the barriers show the partial unfolding of the α-helix necessary to
accomplish the R- to L- transition.
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FIG. 3: Effect of different atom selections on the trans equilibrium FEPs at 281 K of AAAAR,
EAAAR, and EMAAR. The main responsible of the barrier are the different configurations of
Arg10: all the selections containing Arg10 give similar profiles with similar barrier heights. When
Arg10 is removed from the selection (dashed curve), the barrier becomes much smaller, indicating
that the effect on the FEPs of arginines different from Arg10 is much lower that the effect of Arg10.
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FIG. 4: Schematic illustration of the correct native state obtained with RMSD coarse-graining
(white) and -H15- string of secondary structure (light gray). The intersection represents the -H15-
string with R-configuration of Arg10. The secondary structure-based coarse-graining is not suffi-
cient to determine the folded state because it does not take into account the orientation of the side
chains.
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cross-linked constrained free
τ [ns] β τ [ns] β τ [ns] β
AAAAR 28 0.42 4 0.66 4 0.83
EAAAR 185 0.40 14 0.76 11 1.00
EMAAR 653 0.49 17 0.55 13 0.61
FIG. 5: Normalized helical content (number of residues in α, pi or 310 conformation) along MD
kinetic runs. MD data (symbols) are fitted with stretched-exponential functions (solid lines).
The folding time increases with increasing number of long side chains and the increase is more
pronounced for cross-linked peptides.
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FIG. 6: Distance constraint used to emulate the cross-linker. (Top) The constraining function is
harmonic at the borders and zero in the 16.0-17.0 A˚ interval. The average sulfur atom distance
in the trans conformation of the cross-linker is 16.6 A˚ (inset). (Bottom) Sulfur atoms distance
distribution when the linker is in trans conformation (solid curve). The dotted curve is the results
obtained in a 100 ns kinetic run using a constraining function with RMAX-RMIN=1 A˚ and a force
constant of 2.5 kcal/mol A˚2.
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EQUILIBRIUM
CIS TRANS
Nr. simulations length [µs] Nr. simulations length [µs]
AAAAR 2 24 4 12
EAAAR 1 18 2 11
EMAAR 3 27 2 16
TABLE I: Number of equilibrium simulations performed and corresponding time-length for cis and
trans conformations of the cross-linker. The time-length values refer to individual replicas, and
not to the cumulative time which is six times larger.
FOLDING RUNS
cross-linked constrained free
Nr. of runs length [µs] Nr. of runs length [µs] Nr. of runs length [µs]
AAAAR 100 4 50 0.5 50 0.5
EAAAR 50 4 50 0.5 50 0.5
EMAAR 100 8 50 0.5 50 0.5
TABLE II: Number of kinetic runs performed and corresponding time-length for cross-linked,
constrained and free systems.
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I. SUBSTITUTION OF THE CROSS-LINKER WITH A CONSTRAINT
FIG. S1: Cysteine sulfur atoms distance distribution in a 100 ns kinetic test-run with RMAX-RMIN
ranging from 1 to 5 A˚ and K ranging from 1 to 10 Kcal/mol A˚2, see also Tab. S-I
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TABLE S-I: Summary of tests performed. RMAX-RMIN varies between 1 A˚ and 5 A˚ and K between
1 Kcal/mol A˚2 and 10 Kcal/mol A˚2.
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II. MFPT-BASED CFEP
FIG. S2: Schematic illustration of the one-dimensional FEP procedure using mfpt as progress
variable. Each of the four solid circles represents a free-energy basin while concentric dashed
circles represent values of mfpt. For each value of mfptc between 0 (native node) and mfptMAX
a point in the profile is obtained. Bottom right: ∆G of the fraction of links crossing the cutting
surface at mfpt=mfptc. Bottom left: Relative partition function ZA/Z, where the set A contains
nodes with mfpt<mfptc. The figure is taken from Ref.1
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A. Diffusivity
Diffusive regime is implicit for Monte Carlo simulations and valid in many cases in MD,
as in protein folding studies. In this case the quenching interval dt should be small enough
that the recrossings of the transition state (i.e. the barrier of the cFEP in Fig. S3, black
curve) is taken into account. On the other extreme, we have the ballistic regime obtained
when the quenching interval is large enough that the number of recrossings is negligible. To
check whether our quenching interval is small enough (i.e. we are in the diffusive regime), we
considered the dependence of the cFEPs on the quench interval dt 2. The original dt is the
chosen saving frequency for MD simulations, dt1=20 ps. The one for the check is dt2=40ps.
If the profiles are consistent with the diffusive regime, they are proportional to dt−
1
2 . In
other words, dt2 = dt1 +
ln(dt2)
2
. Since dt2=2, we have that the condition for diffusive regime
is dt2 = dt1 + 0.35. In Fig. S3, we compared the FEPs for AAAAR, EAAAR, and EMAAR
calculated for dt1 (black curves) and dt2 (red curves). The evaluation of the diffusivity
dt2 = dt1 + 0.35 (dashed blue curves) is good.
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FIG. S3: Diffusivity check for AAAAR, EAAAR, and EMAAR peptides. The solid curves are
calculated for dt=20 ps, the dotted curves for dt=40 ps, and the dashed curves are calculated as
dt2 = dt1 + ln(2)/2
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III. MOST POPULATED RMSD CLUSTER WITH R-CONFIGURATION OF
ARG10





































TABLE S-II: Ten most populated secondary structure strings in the heaviest side chains RMSD cluster with R-configuration of Arg10 for
AAAAR, EAAAR and EMAAR peptides forthe trans equilibrium simulations at 281 K. The most populated conformation of the heaviest cluster
is labeled, in terms of secondary structure strings, as -H15- and shows R-configuration for AAAAR and EAAAR peptides and L-configuration for
EMAAR peptide. For EMAAR the heaviest cluster with R-configuration was used as target for cFEP and reported here. Note that in EMAAR
peptide the string labeled as -H15- is the second one with a population of 22% and the population of strings having some pi-helix (I in the DSSP
code3) is higher compared to other peptides. This is because the insertion of methionines at positions n, n+5 along the sequence may favor the
formation of pi-helix as reported by Hiltpold et al.4.
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IV. MOST POPULATED RMSD CLUSTER WITH L-CONFIGURATION OF
ARG10





































TABLE S-III: Same as Table S-II for the ten most populated secondary structure strings of the
heaviest cluster with L-configuration of Arg10. The most populated secondary structure string is
again -H15- though with a lower weight.
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Conclusions and Outlook
The protein folding problem is one of the most difficult challenge of the
modern experimental and theoretical biophysics. The question arises on how
proteins fold to their native structure, the pre-requisite to fulfil their func-
tion. This means not only to find out the relation between the amino acid
sequence and the three dimensional structure, but also to explain the hidden
mechanisms through which a protein reaches its lowest free energy configura-
tion. The problem is intrinsically complex due to the large number of degrees
of freedom involved [1]. Much of the complexity found in protein folding can
also be observed in the dynamics of smaller polypeptides that undergo sec-
ondary structure formation [2–5]. Such small peptides are the subject of the
present dissertation. There are two main reasons to study small peptides.
First, they mimic protein in complexity but, computationally speaking, are
small enough to allow detailed simulation studies (especially when implicit
solvent models are employed) [6]. Second, the development of fast (nanosec-
ond) time-resolved spectroscopy methods allows to study peptide folding
dynamics on the same timescale as computer simulations [7–12]. Moreover,
peptides consisting of a single α-helix give the opportunity to compare theory
and experiments because their small size allows extensive sampling by sim-
ulations. In particular, the employment of α-helical peptides with enhanced
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helix propensity have been used to study the physico-chemical properties of
an α-helix [13]. Additionally, the incorporation of a photoswitchable cross-
linker, has been established as an efficient experimental tool to control the
helix stability and to reversibly control secondary structure content [14].
The work presented in this thesis is devoted to the study, by means of
molecular dynamics (MD) simulations of the folding of three model cross-
linked (i.e., structurally constrained) peptides having different amount of
bulky side chains. The significant changes of the folding kinetics observed as
a function of temperature in both time resolved infrared experiments [15,16]
and MD simulations [17, 18] are indicative of the complexity of the folding
process. To shed light onto the complex behavior, two approaches were em-
ployed: Kinetic Grouping Analysis (KGA) and cut-based free-energy profiles
(cFEP). Both these methods group conformations not according to struc-
tural similarity criterion but rather according the transitions observed dur-
ing the simulations, or kinetic similarity. The KGA method was successful
in the identification of metastable states from MD folding runs of the cross-
linked α-helical peptide [17,18]. The cFEP suggested that the native state of
cross-linked peptides, as calculated using secondary structure based coarse-
graining, is not described accurately because it does not take into account
the side chains orientation with respect to the cross-linker [19]. To investi-
gate the role of the entanglement of bulky side chains with the cross-linker,
we substituted it with a distance constraint mimicking the effect of a non-
bulky cross-linker. The possibility of decoupling the twofold effects of the
cross-linker on the backbone and the side chains, possible only in the context
of MD simulations, suggested that the main effect of the cross-linker on the
overall kinetics is due to its entanglement with the side-chains rather that
its effect as a distance constraining.
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The insights achieved through MD simulations were shown to be consis-
tent with the experimental studies at least at a qualitative level. Thus the
present work clarified questions which would not have been easily answered
by experiments only.
Finally, one important issue concerning our MD simulations is the possible
presence of small biases due to the implicit solvation model [20]. Although its
reliability is widely accepted, it was also pointed out in the past that it may
tend to favor helix formation [21]. This should represent only a minor effect
in our case, since all the studied peptides are intrinsically characterized by a
strong helix propensity. It is nevertheless important to check, as a long-term
aim, this issue by carrying out simulations in explicit water.
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